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ABSTRACT
Polymer coatings exhibit superior corrosion resistance, making them a good
solution to protect heat exchange components from chemical attack in low
temperature heat recovery. Nonetheless, major shortcomings to using polymer
coatings include their low thermal conductivity, low strength, and susceptibility to
wear. Studies conducted collaboratively by the University of Windsor and
CanmetMATERIALS have investigated the suitability of perfluoroalkoxy (PFA)
composite coatings with conductive filler materials, such as graphene, for polymer
composite coatings. The following research investigates the impact of two different
filler incorporation techniques, ball milling and magnetic functionalization, to
optimize the microstructural, thermal, and tribological properties of the polymer
composite coating. Through microscopy, the investigation revealed that the ball
milled samples display excellent filler particle distribution, and a general lateral
alignment of graphite filler particles. The composites displayed a decrease in the
thermal conductivity after ball milling, resulted from the lateral alignment of filler
particles and measurement of the thermal properties in the out-of-plane direction.
Furthermore, Raman analysis indicated that the ball milling process did not produce
monolayer graphene. The magnetically functionalized multi-layer graphene (MFMLG) particles were responsive to an external magnet however, microscopy showed
that the MF-MLG were not aligned within the polymer matrix. A combination of
abrasive and adhesive wear was observed through pin-on-disk wear testing; higher
weight fractions of filler resulted in lower wear resistance. All composites displayed
very low coefficient of friction values throughout testing.
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1. CHAPTER 1: INTRODUCTION
1.1 Background and Motivation
With an emphasis on increasing energy efficiency in modern industry, it is crucial to
develop heat recovery technologies capable of capturing and re-using energy lost in the
form of waste heat. The U.S. Department of Energy estimates that 20-50% of industrial
energy consumption is lost as waste heat [1]. Statistics in China indicate even higher
percentages, reporting industrial waste heat loses of roughly 60% [2]. Over half of the
available waste heat energy is classified as low-temperature(~230 °C or lower), making
this sector a valuable energy resource for industrial processes [1]. However, lowtemperature waste heat is rarely recovered due to the extremely corrosive operating
environments which result in catastrophic chemical attack on the heat exchange
components [1]–[3]. Polymer coatings exhibit superior corrosion resistance, making them
a good solution to protecting heat exchange components from chemical attack [4], [5].
Nonetheless, there are major shortcomings to using polymer coatings on heat exchangers,
including, e.g., the low thermal conductivity, low strength, susceptibility to delamination
and wear, etc. To address these drawbacks, filler materials may be incorporated into the
polymer matrix to enhance the thermal, mechanical, and tribological properties of the
coating.
Several recent studies have explored the suitability of using fluoropolymer-based
composites such as perfluoroalkoxy (PFA) incorporated with thermally conductive filler
materials, e.g. graphite and graphene, as heat exchanger coatings for low-temperature
waste heat recovery [3], [6]–[8]. Graphene filler is believed to be able to significantly
enhance the overall performance of coatings due to its extraordinary thermal and
1

mechanical properties [9]. However, the use of traditional processing methods (e.g. tumble
mixing) to incorporate graphene filler into the polymer matrix usually produces a mixture
of randomly oriented graphene particles, resulting in limited increases in the composite’s
thermal conductivity [8]. The present study investigates two alternative processing
methods: the incorporation of graphene filler via ball milling and the incorporation of
magnetically functionalized graphene filler followed by filler alignment. Incorporation of
filler materials via ball milling was reported to simultaneously exfoliate graphite to produce
few-layer graphene, and improve the compatibility and interfacial resistance at the
graphene-polymer interface [10]. The ability to integrate filler particles through ball
milling has been a proven and cost-effective method to increase filler compatibility within
the polymer matrix, which increases the thermal performance of the composite [11]. The
latter method, the incorporation of magnetically functionalized graphene filler, utilizes
external magnetic fields to align the graphene particles in the direction of heat flux during
curing. Graphene filler materials have greater thermal performance along their in-plane
direction; thus filler alignment optimizes the thermal capabilities of graphene and results
in increased thermal performance of graphene-polymer composites [12], [13].
This study explores advanced filler incorporation techniques to optimize the
performance of graphene within PFA composite coatings. The work provides a
comprehensive overview of the properties and performance of the coatings produced,
specifically simulating the conditions experienced in low-temperature waste heat recovery.
The development of the proposed coating enables the implementation of economically
viable waste heat exchangers, thus reducing overall energy consumption in the industrial
energy sector.
2

1.2 Objectives of Study
The objective of this research is to develop a polymer composite coating with
enhanced thermal, mechanical, and tribological properties while maintaining superior
corrosion resistance to the conditions experienced in low-temperature waste heat recovery.
Two advanced filler incorporation techniques were investigated, aiming to improve the
thermal conductivity of the composite. Ball milling was conducted for various times on
three different filler particle sizes to examine its impact on the mechanical exfoliation of
graphite, and the compatibility at the graphene-polymer interfaces. Extensive microscopy
was performed to characterize the distribution and orientation of the filler particles within
the polymer matrix. The study further aims to characterize the thermal performance,
mechanical behavior, and durability of the coating, as compared to previously studied
materials. This is essential to understanding the effect of the processing methods on the
performance of the material, and the suitability of the coating produced for lowtemperature waste heat recovery applications.
1.3 Organization of Thesis
This thesis is organized into six chapters, including the Introduction. Chapter 2 includes
a literature survey of the topics relevant to this work. The mechanisms of low-temperature
corrosion, the corrosion of metal heat exchangers, and the potential of protective polymer
coatings are discussed. The properties of graphene and their effects on the graphenepolymer composites are evaluated. The two processing methods, the incorporation of
graphene via ball milling and the incorporation of graphene via magnetic functionalization,
are comprehensively reviewed. Chapter 3 introduces the materials studied and details the
experimental methods utilized in this study. Chapter 4 analyzes the experimental results
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and observations made throughout the research. The significance of the experimental
results and the discussion of the associated physical principles and theories are presented
in Chapter 5. Lastly, Chapter 6 summarizes the conclusions and provides recommendations
for future work.

4

2. CHAPTER 2: LITERATURE SURVEY
2.1 Introduction
Fluoropolymers, specifically perfluoroalkoxy (PFA), are attractive candidates of
coating materials for heat exchangers used in low-temperature heat recovery due to their
superior corrosion resistance, melt-processability, and relatively high operating
temperature (up to ~260 °C) [3], [6], [14]. However, they are not typically considered as
an ideal material for heat recovery applications due to their intrinsically low thermal
conductivity, low strength, and susceptibility to wear. To address these shortcomings, filler
materials may be added to the polymer matrix to enhance the thermal and mechanical
properties of the composite [3], [7], [8].
This study characterizes the properties and performance of graphene-PFA
composites prepared using two different filler incorporation methods, as previously
introduced in Chapter 1. This survey focuses on the mechanisms of low-temperature
corrosion, and polymer composites as potential protective coating materials. The
theoretical and experimental benefits of incorporating graphene via ball milling and
incorporating magnetically functionalized graphene followed by filler alignment are
comprehensively reviewed. Although these methods have been previously explored for
polymeric materials in literature, this research provides a novel analysis of the
incorporation techniques for the specific PFA-graphene composite.
2.2 Low-Temperature Corrosion of Heat Exchangers
Waste heat may be categorized into three main classes based on the temperature: high
(~650 °C and higher), medium (~232 °C - 650 °C), and low (~232 °C and lower) [1]. Lowtemperature waste heat accounts for the majority of available waste heat energy, yet it is
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often disregarded due to its inferior thermal value compared to high-temperature waste
heat. Nonetheless, the work potential of low-temperature waste heat is substantial and may
even exceed the potential of high-temperature waste heat in certain applications [1], [3].
Common sources and potential end-uses for low-temperature waste heat are shown in
Table I; examples include combustion exhaust gases from coal-fired boilers, gas-fired
boilers, ethylene furnaces, and etcetera. The condensation of corrosive acids from the
exhaust streams onto heat exchange elements presents one of the main barriers to lowtemperature heat recovery.
Table 2.1 Common sources, their corresponding temperatures, and typical recovery methods for
low-temperature waste heat (table reproduced from [1]).
Example Sources
Exhaust gases exiting recovery devices in
gas-fired boilers, ethylene furnaces, etc.
Process steam condensate
Cooling water from:
furnace doors
annealing furnaces
air compressors
internal combustion engines
Drying, baking, and curing ovens
Hot processed liquids/ solids

Temperature
(°C)
70-230

Typical Recovery Methods
Space heating

50-90

Domestic water heating

30-50
70-230
30-50
70-120
90-230
30-230

Upgrading via heat pump to
increase temperature for end
use
Organic Rankine cycle

2.2.1 Dew Point Corrosion
The phenomena responsible for the corrosive operating conditions in lowtemperature heat recovery is known as dew point corrosion. During the combustion of
fossil fuels, such as coal and oil, sulfur content within the fuel becomes oxidized producing
sulfur dioxide (SO2) gas [2][15]. In oxygen rich environments, roughly 1-5% of the sulfur
dioxide gas is converted to sulfur trioxide (SO3) gas [15]. As temperatures cool below ~176
°C, the sulfur trioxide forms highly corrosive sulfuric acid (H2SO4) [15], [16]. The sulfuric
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acid dew point temperature varies based on the sulfuric acid and water concentration within
the flue gas. However, it is estimated to occur between 95-150°C [17]. When the flue gas
and/or the heat exchanger surface cools below the sulfuric acid dew point the vapor begins
to condense on heat exchanger surfaces, subjecting the heat-exchange elements to
extremely corrosive operating conditions.
The effect of tube surface temperature on dew point corrosion is illustrated in
Figure 2.1. There are two zones of severe corrosion: below the sulfuric acid dew point
temperature, and below the water dew point temperature. When the tube surface
temperature is just below the sulfuric acid dew point the rate of acid condensation is low,
resulting in low corrosion rates. As the tube surface temperature decreases, the rate of
condensation increases, leading to increased corrosion rates. The corrosion rate displays a
peak at roughly 15-50 °C below the sulfuric acid dew point temperature [2]. At this point,
a decrease in corrosion rate is experienced as the surface is sufficiently covered by sulfuric
acid and the corrosion rate becomes dependent on the wall temperature [2]. When the
surface temperature reaches the water dew point, water vapor begins to condense and
combine to sulfur dioxide (SO2) within the flue gas and forms sulfurous acid (H2SO3) [2].
Consequently, the heat exchanger surface becomes exposed to sulfurous acid condensates
and a sharp increase in corrosion rates is experienced. It is evident that decreases in surface
temperature below the sulfuric acid and water dew point temperatures result in severe
increases in corrosion. The first zone, sulfuric acid dew point corrosion, is the main cause
of corrosion in low-temperature heat recovery [5], [15], [17], and will be the main corrosive
agent investigated for this study.
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Figure 2.1 The effect of the surface temperature of heat exchange elements on low-temperature
corrosion [2].

Naturally, temperature moderation may be one of the first approaches to controlling
corrosion in low-temperature heat recovery. Maintaining operating temperatures of both
the flue gas and heat-exchange components above the acid dew point may prevent acidic
vapors from condensing on the heat exchange surfaces, thus preventing corrosion.
Nonetheless, several factors make this approach impractical. The sulfuric acid dew point
varies based on the acid and water vapor content within the fuel, which is dependent on the
specific fuel source [15]. The heat exchanger geometry, flue gas velocity, and fly ash
particle size are additional factors influencing the sulfuric acid dew point, and are unique
to each heat-exchange system [18]. Temperature fluctuations during plant start-ups and
shut-downs are often unavoidable and may also cause the temperature to fall below the
sulfuric acid dew point [19]. Furthermore, cooling the flue gas temperature below the dew
point temperature allows both the latent and sensible heat to be obtained, resulting in
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substantial energy savings [1], [20]. Considering the challenges associated with accurately
predicting the dew point temperature for specific systems, and the economic benefit of
cooling flue gases below the dew point temperature, it is critical to design systems capable
of withstanding sulfuric acid dew point corrosion.
2.2.2 Corrosion of Metal Heat Exchangers
Metals are typically the preferred material for heat-exchange components due to
their high strength, high thermal conductivity, and high operating temperatures [5].
However, common metals such as low carbon steel, aluminum, copper, stainless steel, etc.
fail rapidly due to severe chemical attack on the heat-exchange surfaces. The high cost
associated with exotic metals (e.g. tantalum, titanium, molybdenum, etc.) and super alloys
(e.g. Inconel, Hastelloy, etc.) that can withstand the corrosive operating environments are
not economically viable [3], [5]. The following section reviews the failure mechanisms of
metal heat exchangers implemented in low-temperature waste heat recovery, and in
experimental simulations.
A study conducted by Cheng et al. [21] investigated the suitability of three newly
developed low-alloy steels for sulfuric acid dew point corrosion resistance. The low-alloy
steels all contained various percentages of each alloying element (Si, Mn, P, S, Cu, Cr, Ti,
Ni), and the addition of each element remained below 1 weight percent (wt %) of the alloy’s
overall composition. The specimens were each immersed in 10, 30, and 50% H2SO4 at their
corresponding dew point temperatures for 48 hours. Mass loss measurements indicated
lowered corrosion rates in all three specimens compared to plain carbon steel, nonetheless
mild to severe corrosion was observed on all the samples as revealed by both macroscopic
and microscopic evaluations. The severity of failure varied with the specific composition
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of the low-alloy steel sample and the concentration of the acid solution. Failure
mechanisms included localized pitting, micro-cracking, and build-up of corrosion
products. The most severe failure occurred in low-alloy steel sample #1 immersed in 30%
H2SO4 solution at 50 °C; large (100 µm) pits and microcracks were observed on the surface
using a scanning electron microscope (SEM), as shown in Figure 2.2 [21]. When immersed
in higher acid concentrations (50% H2SO4, 70 °C) all samples formed a protective layer of
corrosion product; the long-term impact of the protective layer on the overall corrosion
resistance of the material has not been studied.

Figure 2.2 SEM image of low alloy steel specimen #1 immersed in 30% H2SO4 solution for 48
hours [21].

Ding et al. completed a comprehensive analysis on the repeated failure of low
carbon steel (A106 Gr. A) economizer tubes in a low-temperature waste heat boiler [22].
Failure of the heat exchange tubing resulted in leakage, leading to four plant shutdowns for
repair within a five-year period. Micro-zone analysis was conducted on the tubing using
an SEM equipped with an electron dispersive spectrometer (EDS). Observations revealed
thick deposits of corrosion product on the tube surface, and EDS profiles detected the
presence of sulfur within the deposits [22]. Further examination of the corrosion products
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via x-ray diffraction (XRD) confirmed that the deposits (Fe(OH)SO42H2O) resulted from
sulfuric acid dew point corrosion [22]. Thick deposits lower the thermal performance of
the heat exchanger, subsequently lowering the tube surface temperature and causing more
sulfuric acid to condense on the surface [22]. Corrosion deposits flake as the tube
temperature fluctuates due to the difference in thermal expansion from the tube material,
and flaking results in shallow pits and thinning of the heat exchanger tube [22]. Thus, the
severity of dew point corrosion intensifies over time.
A report by Levy et al. [20] conducted laboratory corrosion tests simulating
different scenarios in low-temperature heat recovery to analyze the performance of several
candidate heat-exchange tube materials. Mass loss measurements were used as a basis to
determine the corrosion resistance, followed by visual inspection to ensure samples did not
exhibit localized corrosion. The test materials included: carbon and low-alloy steels,
stainless steels, nickel alloys, an aluminum-bronze alloy, aluminum alloys, graphite, and
Teflon coatings [20]. It should be noted that the polymer-based material selected for the
present research (PFA) was not included in the study. Preliminary corrosion testing in 60%
H2SO4 at 121 °C determined that the stainless steels (304, 316, AL6XN, 2205), nickel alloy
(600), and the aluminum alloys (3003, 6061) are not suitable for low-temperature heat
exchanger environments [20]. Further testing indicated that the corrosion resistance of the
steels (1018, A387, Corten B) is also inadequate in high acid concentrations and
temperatures (80% H2SO4, 150 °C). The nickel alloys (22, 690) and polymer coatings
(FEP, PTFE) provided the best corrosion resistance at high acid concentrations, consistent
with results previously published by Fontana [23] and Brubaker [24]. Nickel alloy 22 is
the preferred metal due to its overall corrosion resistance at high acid concentrations
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(corrosion rate of ~0.95 mm/year in 80% H2SO4 at 150°C), commercial availability, high
yield strength, and high thermal conductivity [20]. The Teflon coatings (FEP, PTFE)
exhibited superior corrosion resistance, displaying no visible signs of corrosion during
testing at all acid concentrations (60%-80% H2SO4). Nonetheless, nickel alloy 22 remains
the recommended material due to the low thermal conductivity, low strength, and potential
manufacture difficulties of the PTFE coating [20].
The failure of metal heat-exchange components due to dew point corrosion results
in repair, replacement, and shutdown of plant operations, all leading to substantial
economic losses [22], [25], [26]. It is essential to find an economically viable material for
heat-exchange components capable of withstanding the corrosive operating conditions in
low-temperature waste heat recovery.
2.2.3 Corrosion Resistant Polymer Coatings
The corrosive operating conditions in low-temperature heat recovery are
considered unavoidable [2], thus preventing the selection of low-cost metals due to severe
chemical attack and failure of the heat-exchange components. Corrosion resistant coatings
have been identified as a viable solution to protect heat exchanger surfaces from chemical
attack due to sulfuric acid dew point corrosion. The benefits of coatings are twofold: (i) the
temperature may be lowered well below the sulfuric acid dew point as the surface is
protected from corrosion, and (ii) cost effective and thermally conductive metals may be
used for the base material. Polymers are an attractive coating candidate due to their superior
corrosion and fouling resistance [5], [27]. The following section reviews the main benefits,
drawbacks, and recent advances of polymer coatings for low-temperature heat exchanger
applications.
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Initial interest in polymer coatings peaked due to their superior corrosion and
fouling resistance, relatively low cost, lightweight, and ease of fabrication [4], [5], [27].
Unlike metals, polymers are typically completely corrosion resistant to a substance, or
rapidly deteriorate [28]. Corrosion of polymers normally presents in the form of
discoloration, swelling, delamination/blistering, or dissolution of the material into the
corrosive solution [28]. The relatively low melting point of polymers is not considered a
major barrier as low-temperature heat recovery occurs below ~232°C, which is within the
operating temperatures of several polymers [5]. Research further states that the
implementation of polymer coatings promotes dropwise condensation, leading to
significant increases in thermal heat transfer performance [29], [30]. Unfortunately, the
intrinsically low thermal conductivity of polymers combined with the required thickness
of the coatings for adequate corrosion protection often counteracts any benefits from
dropwise condensation [31], [32]. Thus, drawbacks of polymer coatings include low
thermal conductivity, low strength, and susceptibility to wear.
Early research conducted by Roach and Holtz aimed to identify polymers capable
of withstanding sulfuric acid corrosion [5], [33]. Candidate polymers were applied to metal
tubes and exposed to sulfuric acid condensates; results indicated that the performance of
the coating was dependent on the coating technique, porosity, and thickness [5]. Thin
coatings below 50 µm were not sufficient and corrosion of the metal substrate was
observed, likely due to defects and/or pores within the polymer coating [5]. Coatings with
thicknesses between 100-500µm generally performed well, displaying only slight
discoloration or blistering [5]. Polyphenylene sulfide (PPS) coatings performed
particularly well, showing no discernible signs of corrosion after 5000 hours of immersion
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in sulfuric acid [5]. The promising results led to the present research, which aims to
optimize the thermal and mechanical performance of polymer coatings for low-temperature
heat recovery applications.
The impact of polymers’ low thermal conductivity on the thermal performance and
overall economics of heat exchanger systems has also generated much interest [27], [34].
Studies conducted by Roach and Holtz focused on polymer-coated heat exchangers [5].
They determined that the impact of the thin polymer coatings on the heat transfer
performance is relatively low, comparing the coatings to a thin layer of fouling which is
routinely accounted for in heat transfer calculations [5]. They also estimated the cost of
polymer-coated heat exchangers relative to corrosion resistant metal tubes. The cost of PPS
coated tubes (500 µm thickness) is roughly 8% lower than corrosion resistant Hastelloy
tubing [5]. The cost of PPS coated tubes was largely attributed to high labor costs due to a
lack of large scale production methods, and is expected to decrease with modern coating
techniques [5]. Furthermore, the increased fouling resistance of polymer coated tubes may
lower annual maintenance costs [5], [27]. Lastly, Chen et al. reasoned that the thermal
conductivity of polymer coatings must be compared to metals with alike corrosion
resistance [34]. The thermal conductivity of corrosion resistant metals such as Hastelloy
(17 W/mK) and Inconel (12 W/mK) are significantly lower than metals such as copper
(391 W/mK) and aluminum alloys (alloy 3003, 169 W/mK) [34], [35]. Thus, the corrosion
resistant properties of polymer coatings outweigh the drawbacks of their low thermal
conductivity.

14

2.3 Polymer Composite Coatings
The addition of conductive filler materials to produce polymer composites is
another common method to minimize the impact of protective coatings on the thermal
performance of heat exchangers [33]. Polymer composites are comprised of the polymer,
which may be referred to as the matrix, and one or more filler materials. Filler materials
are added to the polymer matrix to increase the thermal performance, strength, and wear
resistance of the composite. Several studies on metal [36], [37], carbon-based [38]–[40],
and ceramic [41] filler particles have demonstrated improved electrical, thermal, and
mechanical performance of polymer composite materials. The following section focuses
on polymer composites dedicated to low-temperature waste heat recovery.
2.3.1 Selection of Polymer Matrix
He et al. [6] initiated research on fluoropolymer composite coatings for heatexchange components exposed to the corrosive operating environments in low-temperature
waste heat recovery. Preliminary studies identified perfluoroalkoxy (PFA) as a suitable
material as the polymer matrix [6]. PFA is inert to most chemicals [42], has a relatively
high operating temperature (~260 °C) [14], is commercially available, and is meltprocessible [14], [43]. The melt-processability of PFA is particularly advantageous as it
allows the formation of pinhole-free coatings using conventional coating methods [6].
Coating methods include electrostatic deposition of dry powder [6], solvent or water-based
paint slurry coating technology [44], and flame or torch thermal spray processes [45]. Both
electrostatic deposition and paint slurry coating methods must be cured at temperatures
above the melting point of the material to set the polymer. Furthermore, the meltprocessible nature of PFA allows the formation of relatively thinner coatings compared to
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polymers with similar corrosion resistance but not melt-processible, such as Teflon (PTFE)
[6]. This results in increased heat transfer performance and cost savings as the amount of
material required is reduced.
2.3.2 Recent Advances in PFA-Composite Coatings
He et al. [3] analyzed PFA-based composite coatings and discussed the impact of
conductive filler particles on the overall coating performance. Graphite was selected as a
filler material due to its high thermal conductivity, excellent corrosion resistance, good
wear resistance, and similar density to PFA [3]. The composite powder mixture was
prepared by blending 10-50 wt% graphite powder into PFA powder using a tumble mixer
for one hour. The powder was then used to make compression-molded disks for thermal
property measurements. Electrostatic powder spray was employed to coat the composites
onto stainless steel coupons to create coated samples for corrosion, mechanical and
tribological testing. A primer powder was also applied to some coupons before the polymer
composite top coating to analyze the impact of primer on the coating adhesion strength.
Corrosion testing indicated that composite samples with a ~150 µm coating thickness
provided adequate protection, while thinner coatings of 45-60 µm exhibited premature
failure in the form of blistering [3]. The composite’s thermal conductivity increased with
increased graphite content, but filler contents greater than 30 wt% resulted in poor surface
finish. The addition of graphite filler particles also increased the hardness, elastic modulus,
and adhesion of the coating to the substrate. Coating adhesion was further enhanced by the
application of the primer layer. Lastly, the electrostatically applied composite coating and
primer layer increased the real contact area between the coating and the substrate as
compared to the traditional Teflon film covering technologies [3]. The increased real
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contact area, combined with the need for thinner coatings and the addition of filler particles,
results in significant increases in the overall heat transfer rate [3].
Further research conducted in collaboration with the University of Windsor [7] was
performed using various filler particles including: graphite, silicon carbide (SiC), alumina
(Al2O3), and boron nitride (BN). Filler particle selection focused on identifying materials
that would maintain the corrosion resistance of the polymer, while improving the coating
properties such as adhesion and resistance to scratch and wear. Composite preparation and
testing was consistent with previous work described above [3]. As shown in Figure 2.3, the
addition of boron nitride and graphite filler particles resulted in the greatest increases in
thermal performance. The thermal performance was analyzed with respect to temperature;
all the composites experienced a peak in thermal conductivity at 75 °C, and then decreased
with further temperature increases. At 75 °C the boron nitride composite exhibited a
thermal conductivity of 2.8 times that of pure PFA. The thermal conductivity of composites
may be influenced by several factors such as the thermal conductivity, content, shape,
spatial distribution, and orientation of the filler particles within the matrix [7], [36], [46],
[47]. Both graphite and boron nitride have lower densities than silicon carbide and alumina,
thus the same weight percentage of filler results in higher volume fractions, leading to
higher thermal conductivities [7].
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Figure 2.3 Thermal conductivity of PFA composites with respect to temperature (the "x" shows
the thermal conductivity of pure PFA) [7].

Microscratch testing with progressive loading (0.03 to 28 N) was also conducted
on the composite-coated samples discussed above to characterize the micromechanical
properties and modes of failure [7]. Images of the scratch track on the PFA-20 wt% graphite
composite coating are shown in Figure 2.4 to illustrate the scratch behavior. At low applied
loads, an initial low deformation zone was observed where elastic and viscoelastic recovery
prevented visible scratch tracks [7]. At higher applied loads plastic deformation of the
coating occurred, resulting in the formation of lateral and frontal material pileups. Tensile
stresses build up behind the indenter with increasing applied load [48], leading to failure
in the form of micro-cracking (Fig. 2.4b), micro-voids, fibrillation along scratch direction,
and delamination (Fig. 2.4c) [7]. Failure typically initiates at the interface between the
matrix and filler materials, or imperfections within the matrix such as un-melted PFA
particles [7]. The overall performance indicated that graphite and boron nitride filled
composites displayed poor adhesion to the substrate and were delaminated at higher loads,
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whereas alumina and silicon carbide filled composites exhibited strong interfacial adhesion
[7].
The effect of alternating layers of coating composition (plain PFA, PFA-5 wt%
graphite, PFA-10 wt% graphite) on the tribological properties of the coating was also
investigated [49]. Coated coupons were prepared as outlined in previous research [3], [7].
However, each sample contained multiple layers of varying compositions (i.e. 3 layers of
PFA-10 wt% graphite, 1 top layer of plain PFA). The results indicated that samples with
graphite in their top layer have roughly 50% lower surface roughness values compared to
samples with plain PFA top layers. Furthermore, samples with graphite top layers
experienced roughly 30% lower wear rates than samples with plain PFA in the top layer.
The effect of higher graphite concentrations in the top layer also increased the wear
resistance of the coating [49]. Thus, a top layer of plain PFA decreases the tribological
performance of the coating. It is postulated that applying a top layer containing 5-10 wt%
graphite may improve the properties of samples that display poor surface finish (30 wt%
graphite or higher).
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Figure 2.4 SEM images of the PFA-20wt% graphite samples following microscratch testing (0.03
to 28N loading, 3mm length scratch track). (a) Secondary electron (SE) image of the overall scratch
morphology, with the enclosed areas illustrated at higher magnification. (b) back-scattered electron
(BSE) image of location “b” in Figure 2.4(a) showing micro-crack initiation and flattening of
graphite particles. (c) BSE image of location “c” in Figure 2.4(a) displaying failure exposed
substrate indicating delamination of the polymer coating, elongated strands along the scratch
direction, and un-melted PFA particles [7].

Recent research has focused on studying the suitability of graphene as a filler
material in PFA composite coatings. The following sections review the properties of
graphene, graphene-polymer composites, and processing methods for to optimize coating
performance.
2.4 Graphene, Multi-Layer Graphene, and Graphite Nanosheets
Graphene, a single layer of graphite, has generated much interest in research since it
was first successfully produced via mechanical exfoliation in 2004 [50]. By definition,
graphene is a single layer of hexagonally arranged sp2-bonded carbon atoms, either freely
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suspended or adhered to a substrate [51]. The unique structure of graphene provides an
excellent electron carrier space, leading to its exceptional electrical [9], [52], and thermal
[53] properties. The highest recorded thermal conductivity of single layer graphene is 5300
W/mK [53], far exceeding the thermal conductivity of well-known metal conductors such
as pure copper (~400 W/mK) [54]. The primary mode of heat conduction through graphene
is via acoustic phonons, the transfer of vibrations within a crystal lattice [54]. Superior
phonon transfer is attributed to graphene’s strong C-C covalent bonds, mitigating phonon
scattering and optimizing heat transfer [52]. Graphene also exhibits superior mechanical
properties: studies have reported it as the strongest measured material, i.e. with Young’s
Modulus of 1 TPa, and ultimate tensile strength of 130 GPa [55], [56]. Analysis of
graphene’s tribological performance has indicated a low coefficient of friction (COF), and
relatively high wear resistance [57]. Furthermore, graphene is proven to be hydrophobic
[58], chemically inert [59], and has potential to provide an effective corrosion barrier from
chemical attack. Thus, graphene is a promising filler material to enhance the thermal,
electrical, mechanical, tribological, and corrosion resistance of composite coatings.
When the number of graphene layers exceeds 1 (monolayer), it is recommended to
classify graphene as multi-layer graphene (MLG, 2-10 well defined layers of graphene), or
ultra-thin graphite nanosheets (typically less than 100 nm thick) [51]. Common graphene
production methods, such as exfoliation of graphite, produce a combination of monolayer
graphene, MLG, and graphite nanosheets [60]. MLG retains excellent thermal properties,
but the thermal conductivity decreases as the number of graphene layers increases [61].
For instance, when the number of graphene layers increases from 2 to 4, the thermal
conductivity decreases from 3000 W/mK to 1500 W/mK [62]. When the number of
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graphene layers increases to 10, such as in graphite nanosheets, the thermal properties
approach those of bulk graphite [61]. Graphite remains an ideal filler material due to its
high thermal conductivity (25-470 W/mK) [63], [64], lubricating properties , and corrosion
resistance to most chemicals [3], [6], [7]. The proper distinction between graphene and
graphene-based materials (MLG, and graphite nanosheets) is necessary due to the
variations in material properties. Despite the above recommendations, literature often
refers to MLG as “graphene”; as such, the thickness of graphene should also be reported.
2.5 Graphene-Polymer Composites
The addition of graphene and graphene-based filler materials is a proven method to
enhance the thermal [65]–[67], electrical [68]–[70], and mechanical [71], [72] properties
of polymer-composite materials and coatings. This new area of research has led to the
development of materials for a variety of applications, including strong lightweight
polymer composites for the automotive and aerospace industry, and thermally conductive
composites for thermal management systems in the electronic industry [52]. Two recent
studies have analyzed PFA-graphene composites for potential use in low-temperature heat
recovery applications [8], [73].
A recent study conducted by the University of Windsor and CanmetMATERIALS
developed and analyzed the impact of graphene nanoplatelets (GNPs), and multi-walled
carbon nanotubes (MWCNTs) as filler materials in PFA composite coatings [8]. Two
different grades of graphene nanoplatelets (AO2-grade: 8 nm thickness/~22 layers, ~5µm
lateral flake size; AO4-grade: 60 nm thickness,  µm lateral flake size) were selected to
investigate the impact of GNP thickness on the composite performance. The composite
powder mixture was prepared by blending 1-20 wt% filler material with PFA followed by
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processing to create compression-molded disks and coated coupons, similar to the
procedures previously reported by He et al. [3], [7], [8].
Microscopy was conducted on the compression-molded disks and coating crosssections to analyze the filler distribution [8]. A matrix of interconnected GNPs was
observed within the PFA matrix of the compression-molded disks for both grades of
graphene. Conversely, the coating cross-section did not display any interconnection of the
GNPs, and segregation of the filler particles was observed [8]. However, the discrepancy
in filler dispersion may have been exaggerated due to differences in the microscope
magnifications (the coating was analyzed at a much higher magnification). Microscopy of
the samples containing MWCNTs revealed agglomeration of the filler particles in both the
compression-molded disks and coating cross-sections, resulting in poor surface finish of
the coating [8]. Composite disks were also used for thermal property measurements. The
addition of GNPs resulted in greater increases in the composites’ thermal performance,
displaying a maximum thermal conductivity of 1.6 W/mK (20 wt%, both grades of GNPs);
whereas the MWCNTs displayed a maximum value of 0.5W/mK (20 wt%) [8].
The coated coupons were analyzed for corrosion resistance, wear properties, and
coting adhesion [8]. Corrosion testing showed minor mass gains and/or losses in all of the
tested composites however, the MWCNT-filled composites displayed visible signs of
corrosion (discoloration) [8]. Thus, MWCNT samples did not satisfy the long-term
requirement for corrosion resistance and did not undergo further testing. Microscratch
testing on the GNP-filled composites indicated excellent coating adhesion for both grades
of graphene as no delamination occurred [8]. Pin-on-disk wear testing was conducted on
the GNP-filled composites at both ambient and elevated (200 °C) temperatures to
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characterize the wear behavior. Lower wear rates were observed at elevated temperatures.
Ambient testing resulted in well-defined wear tracks, whereas elevated temperature testing
resulted in less pronounced wear tracks with irregular edges [8]. Elevated temperatures at
the point of contact between the coating and counter-face material [74] resulted in softening
of the polymer, producing the irregular track edges [8]. At ambient temperature, the 8 nmgrade graphene experienced slightly lower wear rates as compared to the 60 nm-grade.
Smaller filler particles result in stronger bonds between the filler and matrix, leading to
increased hardness and wear resistance [75], [76]. Recorded COF values were higher
during testing at ambient temperature, but remained within the range for PFA on steel
[8][42]. Nonetheless, the slightly higher thermal and wear performance of the 8 nm-grade
GNPs does not justify the much higher cost, thus the 60 nm-grade GNPs are the preferred
filler material for low-temperature heat exchanger composite coatings [8].
A study conducted by Zhang et al. also developed and characterized PFA-graphene
composites [73]. Few-layer graphene (1-3 layers) was ultrasonically treated to prevent
aggregation and improve filler dispersion within the polymer matrix [73]. The composite
powder mixture was hot pressed into composite disks for subsequent testing. Thermal
property measurements revealed a maximum thermal conductivity of 5.017W/mK (20 wt%
graphene), 20× higher than pure PFA. A positive relationship between graphene dispersion
and thermal conductivity was observed; longer sonication times resulted in increased filler
dispersion and higher thermal conductivities [73]. Reciprocating wear testing was
conducted to analyze the composites tribological behavior. The COF gradually increased
with increased graphene content, increasing from 0.0313 for pure PFA to 0.0334 for 15
wt% graphene [73]. The addition of graphene decreased the wear rate of samples up to 10
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wt%, attributed to the lubricating properties of graphene forming a protective transfer film
[73], consistent with previous studies on MWCNT polymer composites [77]. Further
increases in graphene content above 10 wt% resulted in increased wear rates, presenting in
the form of material peeling and the formation of wear debris [73]. Increased wear rates
may be attributed to an aggregation of graphene particles and non-uniformity within the
matrix resulting in weak regions susceptible to wear [73].
The addition of graphene filler materials is an effective method to improve the
thermal performance and wear resistance of PFA-composite materials, while maintaining
their corrosion resistance and substrate adhesion as coatings. It is evident that the
performance of PFA-graphene composites, particularly the thermal performance, may be
influenced by the graphene quality, quantity, and filler incorporation technique employed.

2.5.1 Factors Limiting the Thermal Performance of Graphene-Polymer Composites
Phonons are considered the primary mode of heat transfer in graphene [54],
polymers [78], and graphene-polymer composites. As previously discussed in section 2.4,
the unique structure of graphene allows for the rapid transmission of lattice vibrations,
resulting in excellent thermal performance. In polymers the diffusion of heat occurs much
slower, this may be attributed to disordered vibrations and rotation of atoms within the
molecular chains as vibrations transfer from one atom to the next [11], [12]. When
graphene is added to a polymer matrix, several interfaces are created between the graphenepolymer surfaces. These interfaces result in large interfacial thermal resistances; heat
transfer experiences a bottleneck effect at the interface between the graphene and the
polymer material due to the slower diffusion rates displayed by the polymer [79]. This
effect is illustrated by Burger et al. in Figure 2.5 [12]. The interfacial thermal resistance
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leads to phonon scattering, and decreases the heat transfer performance of the composite
[11].

Figure 2.5 Schematic of thermal conductive mechanisms at the interface between graphene and
polymer materials [12].

The efficiency of phonon energy transfer may be impacted by the method used to
incorporate filler materials. Surface modification of graphene particles is a proven method
to decrease interfacial thermal resistance, and improve the thermal performance of the
composites [10], [11], [80], [81]. This reduces the interfacial thermal resistance by the
formation of an interlayer that promotes phonon transfer between the graphene and
polymer interfaces [11]. Studies have shown that incorporating filler materials via ball
milling increases filler compatibility within the matrix, and reduces interfacial thermal
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resistances [10], [82]–[85]. Thus, ball milling was selected as a filler incorporation method
for the work presented in this thesis.
Phonon scattering is directly influenced by filler particle dimensions: fillers with
small lateral dimensions have higher interface densities, directly correlating to increases in
phonon scattering [86]. Shtein et al. comprehensively analyzed the effect of GNP thickness,
lateral dimension, and defect density in GNP-polymer composites [86]. When comparing
samples with similar layer thickness (~13 nm), those with larger lateral dimensions (~20
µm versus ~10 µm) repeatedly displayed better thermal performance [86]. The results also
indicated that samples with higher defect densities displayed lower thermal conductivities
[86], consistent with similar research focused on the increase of phonon scattering at
graphene defects [87]. Higher thermal conductivity values were also observed in samples
with larger thickness values (15-100 nm versus 9-20 nm), and similar lateral dimensions
(~20 µm) [86]. This may be attributed to the interface density: to achieve the same volume
fraction of filler particles more “thin” particles will be required, resulting in a higher
interface density. These results are supported by several studies reporting an increase in
thermal performance with larger GNP thickness and lateral dimensions [86], [88], [89].
The thermal conductivity of graphene-polymer composites is also influenced by the
filler loading; higher percentages of graphene filler yield higher thermal conductivities [8],
[86]. The thermal percolation threshold, the point at which thermal transport mainly occurs
through a conduction pathway of interconnected filler materials, remains a debated topic
in materials research [86], [90], [91]. Conversely, the electrical percolation threshold is
clearly observed in graphene-polymer composites, as electrical conduction only occurs
through the percolation network [90]. However, graphene-polymer composites conduct
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heat regardless of the percolation threshold. Therefore whether the contribution of heat
conduction is through the percolation network or through the matrix remains unknown
[90]. Furthermore, some results indicate that thermal percolation thresholds (~30 vol%)
occur at higher filler loading fractions than electrical percolation (~10 vol%) [90]. The
filler loading value was previously determined as a limiting factor for PFA-graphite
composites, as the coating surface finish becomes compromised at filler additions greater
than ~20 wt% [3]. Thus, achieving thermal percolation is not a main purpose of this study.
The thermal performance of graphene-polymer composites is also influenced by
the directional properties of graphene. Multi-layer graphene displays directional thermal
properties. As previously discussed, graphene displays superior in-plane thermal
conductivity resulted from the strong covalent bonds between carbon atoms [11], [53].
However, the out-of-plane thermal conductivity is significantly reduced as phonon
scattering occurs at the weak van der Waals forces between graphene layers [11], [92].
Orienting graphene particles in the direction of the heat flux is a proven method to increase
the thermal conductivity of the composite [11], [93], [94]. Magnetic functionalization of
graphene particles is a proven technique to orient graphene fillers within a polymer matrix
[13], [95]. Thus, filler alignment by magnetic functionalization was the second filler
incorporation method selected for the work presented in this thesis.

2.5.2 Graphene Incorporation via Ball Milling
Ball milling has been identified as an efficient processing technique to increase
compatibility of conductive filler materials within polymer matrices, yielding significant
increases in the thermal performance of composites [10], [82]–[85]. This technique is of
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particular interest in graphene-based filler materials as ball milling is reported to
simultaneously: (i) exfoliate graphite to produce few-layer graphene; (ii) improve filler
compatibility and interfacial resistance at the graphene polymer interface; and (iii)
thoroughly combine the matrix and filler materials to create a homogenous mixture [10],
[84], [96], [97].
Graphene production is generally divided into two main approaches: bottom-up, or
top-down [98]. The top-down approach depends on the exfoliation of graphite and has
demonstrated potential for cost efficient large-scale production of graphene [98]. Studies
have shown that wet ball milling is an effective graphite exfoliation method; it involves
dispersing graphite in a solvent, followed by grinding in a ball-mill containing grinding
media for a set speed and length of time [98]–[101]. Zhao et al. suggest using a relatively
low milling speed of 300 rpm to reduce intense shocks potentially damaging the graphite
structure, and ensure shear stress is the dominant exfoliation mechanism [101]. Teng et al.
describe the importance of using both large (2 mm) and small (0.2 mm) zirconium oxide
(ZrO2) grinding media to further promote the exfoliation of graphene sheets from large
graphite particles through shear force [99]. Solvent selection is also an important factor for
graphene exfoliation; solvents with similar surface tensions to graphene are more effective
in enhancing graphene exfoliation [99], [102].
Wu et al. introduced a novel approach to use wet ball milling to exfoliate graphite
into GNPs in the presence of polymer matrix solution, which simultaneously creates a
homogenous polymer-graphene composite in situ, as shown schematically in Figure 2.6
[84]. This process is proven to disperse GNPs within the polymer matrix, and increase
GNP compatibility within the matrix via strong interfacial interaction with the polymer
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[10], [84], [96], [97]. Furthermore, newly exfoliated GNPs are wrapped in polymer matrix,
preventing re-agglomeration and protecting the GNP structure [10].

Figure 2.6 Schematic of the ball milling process incorporating the graphene and polymer
powders [97].

Liu et al. produced GNP-epoxy composites using an enhanced ball milling method,
and the results indicated increased mechanical performance. With 0.1 wt% GNPs the
ultimate tensile strength (UTS) and Young’s modulus of the composite increased 160%
and 65%, respectively, as compared to pure epoxy [96]. At filler loading greater than 0.2
wt% the UTS and Young’s modulus begin to level out, likely due to the reduced crosslinking density that weakens the epoxy [96], [103]. Similarly, the hardness of the composite
reached a maximum of 50% increase at 0.5 wt% GNPs. Increases in the mechanical
properties were due to the superior mechanical properties of graphene, and to the strong
interfacial bond between the GNPs and epoxy matrix [96].
The enhanced ball milling method for polymer composite preparation has also
demonstrated increases in both electrical and thermal properties. Composites prepared by
ball milling displayed an electrical percolation threshold at 5.0 wt%, compared to 13.0 wt%
in composites prepared by a traditional sonication technique [97]. Furthermore, the thermal
conductivities of ball-milled samples were double those prepared by traditional sonication
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mixing [10]. The GNP-epoxy composite reached a maximum thermal conductivity of 2.67
W/mK at 25 wt% of GNP, a 1422 % increase as compared to pure epoxy [10]. Studies also
indicated that ball milling time was a critical factor influencing the composite’s thermal
performance. Composites containing 20 wt% GNPs displayed maximum thermal
performance after 24 hours of ball milling [10]. Thermal performance increased with
milling times from 0 to 24 hours, as longer milling times resulted in higher GNP yield.
However, after 24 hours additional milling resulted in structural defects within the GNPs,
restricting further increases in thermal performance [10].
SEM and high-resolution transmission electron microscopy (HRTEM) were
conducted to study the microstructure of microtomed samples. SEM images of the ballmilled sample revealed uniformly dispersed GNPs and excellent adhesion at GNP-polymer
interfaces. Conversely, the sonicated sample contained several GNP agglomerates, and
flaking at GNP-polymer interfaces [10]. Unlike SEM, HRTEM may be used to identify the
number of layers in GNP samples, directly indicating the extent of exfoliation [10], [85],
[96], [97]. The extent of graphene exfoliation is further validated through Raman
spectroscopy [10], [84], [96]. The Raman spectra of graphene exhibits three main peaks;
changes in the peak shape, position, and intensity may indicate the number of graphene
layers (after 10 layers, the spectra becomes indistinguishable from bulk graphite) [104].
Through both HRTEM and Raman analyses, several studies confirmed the successful
exfoliation of MLG (1-10 layers) in polymer composites through the enhanced ball milling
technique [10], [84], [96].
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2.5.3 Graphene Incorporation via Magnetic Functionalization
Graphene filler materials exhibit superior in-plane thermal properties, while the
performance in the out-of-plane direction is inferior [53]. Studies have proven that
improved thermal performance in graphene-polymer composites may be achieved by
aligning graphene particles in the direction of heat flux [12], [13], [95]. Wu et al. also
reported improvements in electrical performance by aligning graphene particles in an
epoxy composite; the electrical conductivity increased 7-8 orders of magnitude, and the
percolation threshold was lower than randomly oriented composites [105]. Furthermore,
graphene displays superior in-plane mechanical properties, leading to increases in UTS,
Young’s modulus [106], and overall fracture toughness in composites containing aligned
graphene [93], [105].
Magnetic functionalization is a proven technique to orient thermally anisotropic
nano-filler materials such as boron nitride [107], [108], carbon nanotubes [109], [110], and
graphene [13], [95], [111] in polymer composites. Magnetically responsive graphene
particles are incorporated into the polymer matrix and aligned by applying an external
magnetic field to orient particles during curing. Magnetic alignment is a facile [95], [111],
economically viable and scalable approach [13], with the potential for implementation in
coating applications [109].
Balandin et al. applied a unique polymer wrapping technique (PWT) and layer-bylayer (LBL) self-assembly process to attach magnetic nanoparticles onto the graphene
surface through non-covalent interactions, as illustrated in Figure 2.7 [13]. This approach
was first applied to carbon nanotubes; the non-covalent attachment of nanoparticles
demonstrates unique advantages as it preserves the structure and the associated electrical
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and thermal properties of the material [112], [113]. The process begins by dispersing
graphene in an aqueous solution of poly(sodium 4-styrene sulfonate) (PSS) [13]. The PSS
acts as a wrapping polymer and serves as a negatively charged primer for the subsequent
adsorption of the cationic poly-dimethyl-diallylammonium chloride (PDDA) [13], [112],
[113]. The negatively charged PDDA layer ensures the final adsorption of the magnetic
nanoparticles through electrostatic interactions [13], [112], [113]. The resulted
magnetically functionalized graphene particles were incorporated into an epoxy matrix,
and subjected to a magnetic field during curing to facilitate graphene alignment [13].

Figure 2.7 Schematic illustration of graphene magnetic functionalization process [13].

Optical microscopy and TEM were conducted on the resulted graphene-epoxy
composites; attachment of magnetic nanoparticles was observed through TEM, and
graphene filler alignment was clearly confirmed through optical microscopy [13]. Thermal
conductivity measurements were conducted to analyze the thermal properties; at 1 wt%
loading, the oriented graphene fillers display an apparent thermal conductivity 2× greater
than randomly oriented fillers [13]. Apparent thermal conductivity accounts for thermal
contact resistances of connecting surfaces, thus greater enhancements would be expected
for bulk material [13].
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Studies have shown excellent corrosion resistance of magnetically functionalized
graphene (graphene-Fe3O4) composites in water and aqueous sodium chloride solutions
[114], [115]. However, the corrosion resistance of magnetically functionalized graphene in
highly acidic environments, such as sulfuric acid, remains unknown. The present study
aims to identify if the proposed method, alignment of graphene fillers via magnetic
functionalization, leads to increases in the thermal performance of PFA-graphene
composites. Future studies regarding the corrosion resistance of graphene-PFA composites
containing magnetic nanoparticles are recommended if the present study is successful in
improving thermal performance.
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3. CHAPTER 3: MATERIALS AND EXPERIMENTAL METHODS
The methodology is composed of three steps: (i) filler incorporation, (ii) sample
preparation, and (iii) sample analysis, as summarized in Figure 3.1. Filler incorporation
was conducted by two different methods (ball milling, and magnetic functionalization);
both methods produced a blended powder mixture containing 1-20 wt% graphite/graphene
filler and PFA. The blended powder mixtures were used to prepare disk samples through
compression molding and to coat stainless coupons through electrostatic spraying. Sample
analysis of the compression-molded disks included microscopy, thermal property
measurements, and Raman spectroscopy. Analysis of the electrostatically coated coupons
included microscopy, surface topography, and wear testing. Both (i) filler incorporation
and (ii) sample preparation were conducted at CanmetMATERIALS, and (iii) sample
analysis was conducted at the University of Windsor.

Figure 3.1 Schematic illustration of the experimental methods and procedures used in this
research, divided into three steps: filler incorporation, sample preparation, and sample analysis.
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3.1 Bulk Materials
The materials used in this study include NEOFLON PFA powder (AC-5600 grade,
Daikin America Inc., NY), two forms of graphite (~ 9µm, and ~ 44µm particle size), and
multi-layered graphene (~60 nm thickness, ≤7µm lateral size; Graphene Supermarket).
Selected properties of the PFA and filler materials are listed in Table 3.1.
Table 3.1 Selected properties and dimensions of PFA and graphite filler materials [42], [64], [116].
Property
Particle Size/ Thickness
Lateral Size
Thermal Conductivity
Density
Corrosion Resistance
Cost (CAD)

PFA

Graphite

Graphite

MLG

(AC-5600)

(4014 Grade,
Asbury Carbon)

(Alfa Products)

(AO-4 Grade)

~44 µm
N/A
0.19 W/mK
2.12-2.17
g/cm3
Excellent
~$57 /lb

9.01 µm
N/A
25-470 W/mK

44 µm
N/A
25-470 W/mK

60 nm
≤7 µm
25-470 W/mK

2.09-2.30 g/cm3

2.09-2.30 g/cm3

2.09-2.30 g/cm3

Excellent
~$31 /lb

Excellent
~$17 /lb

Excellent
~$1474 /lb

Additional materials were purchased specifically for the magnetic functionalization
process. Ferric chloride (FeCl3), ferrous sulfate (FeSO4), ammonium hydroxide (28-30
wt% NH4OH aqueous solution), tetramethylammonium hydroxide solution (25 wt%
C4H13NO aqueous solution), Poly(sodium 4-styrenesulfonate) (PSS powder, MW= ~70
000), and poly-(diallyldimethylammonium chloride) (20 wt% PDDA aqueous solution,
MW= 400 000-500 000), were all purchased from Sigma Aldrich. Hydrochloric acid (36.538 wt% HCl aqueous solution) was acquired from Fisher Scientific. Lastly, according to
related literature, Milli-Q water (~18.2 MΩ) was used for the PWT and LBL self-assembly
processes [117].
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3.2 Filler Incorporation Methods
3.2.1 Ball Milling
Ball milling was conducted in a Retsch Planetary Ball Mill PM 100 (Germany) at
various filler weight fractions, initial filler particle sizes, and milling times to analyze their
effects on the thermal properties of the resulted composites. The degree of mechanical
exfoliation of the filler particles may vary based on the initial size of the graphite particles
used, and the overall milling time. The ball milling schedule, including filler type, weight
percentage, and overall milling time, is listed in Table 3.2.
The PFA powder and 5-20 wt% filler material were dispersed in acetone via
sonication for 0.5 hour at room temperature. A 3:1 ratio of acetone to composite powder
was used. Sample quantity and ball charge were determined based on the Retsch Mall Mill
recommendations for wet grinding. A sample quantity of 80 mL (acetone and composite
powder solution) was added to a 250 mL stainless steel grinding jar, with approximately
150 mL (550 g) of zirconium oxide (ZrO2) grinding media [118], [119]. The remaining
volume is essential to permit the free movement of grinding media during milling. A 1:1
mass ratio of small and large diameter (~0.2 mm, 3 mm) ZrO2 grinding media were used
to ensure the exfoliation of graphite through shear force [10], [99]. The solution was ball
milled at a speed of 300 rpm for 5-30 hours, according to the schedule in Table 3.2.
Following ball milling, the solution was poured over a sieve coupled with a sieve
shaker and thoroughly rinsed with ethanol to separate the composite powder mixture and
milling media. The composite powder mixture was then placed in an oven at ~60 °C
overnight to remove the acetone and ethanol solvent. The dried composite powder mixture
was processed through a 300 µm sieve to break down any agglomerates formed during
37

drying; the resulted composite powder mixture was then ready for sample preparation.
Between ball milling procedures, the grinding media was sonicated for 0.5 hour,
thoroughly washed with a neutral detergent, rinsed with water and ethanol, and dried.
Table 3.2 Schedule of ball milling experiments: time, filler type and weight percentage.
Filler
wt. (%)
Milling
Time
(hours)

Graphite
(~9µm particle size)
10
15
20
5
10
15
25
25
20
25

Graphite
(~44 µm particle size)
10
15
20

Multi-Layer Graphene
(60nm thickness)
10
15
20

20

20

25

25

25

25

30

30

25

25
30

A portion of the blended powder mixture with the 9 µm graphite particles (20 wt%
filler, 25 hours milling time) underwent additional processing. An extra sample was
prepared by “diluting” the 9 µm graphite blended powder mixture (20 wt% filler, 25 hour
milling time) with unprocessed PFA powder to create a sample with 10 wt% filler (20 wt%
filler “diluted” to 10 wt% filler with unprocessed PFA). The “diluted” powder mixture was
blended in a laboratory Inversina Tumbler Mixer (Bioengineering Inc.) at room
temperature for 1 hour. The 9 µm graphite sample may be compared to an “undiluted”
sample with 10 wt% filler to analyze the impact of ball milling on the PFA particles i.e.,
better tribological performance of the diluted sample may indicate that the ball milling
process damaged the PFA particles.
Lastly, to establish a baseline for comparison, blended powder mixtures were
created with each graphite filler type and wt% without ball milling. Filler particles were
incorporated by mixing in the Inversina Tumbler Mixer for 1 hour.
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3.2.1.1 Naming System for Ball Milled Samples
To clearly identify specific ball-milled samples, the following naming system is
used: graphite type – filler wt% – processing time. For example, the PFA polymer
composite sample containing 10 wt% 9 µm graphite filler ball milled for 25 hours will be
referred to as: 9µm-10wt%-25h. The 20 wt% 9 µm graphite sample diluted to 10 wt% filler
will have an ‘M’ added at the beginning to indicate that the sample contains a mixture of
both processed and unprocessed PFA (M9µm-10wt%-25h).
3.2.2 Magnetic Functionalization
The MLG magnetic functionalization process consists of two main steps:
preparation of magnetic nanoparticles, and the PWT and LBL self-assembly process to
attach the magnetic nanoparticles onto the MLG surface. The magnetic nanoparticles
(Fe3O4–γ–Fe2O3) were synthesized through the co-precipitation of ferric and ferrous ion
solutions, according to Massart’s method and related literature [112], [117], [120]. A ferric/
ferrous mixture was created by combining 1 mole (M) FeCl3 (20 mL, in water) and 2 M
FeSO4 (5 mL, in 2 M HCl solution) [117], [120]. The ferric/ferrous mixture was added to
0.7 M NH4OH (250 mL, in water), and underwent rapid mechanical stirring using a
magnetic stirring rod for 30 minutes [117], [120]. Following stirring, the magnetic
nanoparticles (Fe3O4–γ–Fe2O3) were precipitated. The precipitate is collected via magnetic
decantation and re-dispersed in distilled water (50 mL). A stable alkaline solution of
negatively charged magnetic nanoparticles is created by adding three aliquots of 1 M
C4H13NO (10 mL, in water) to the precipitate solution, under rapid mechanical stirring
[117], [120]. Water is added to the final solution up to a total volume of 250 mL [117].
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The PWT and LBL self-assembly process is completed in compliance with the
methods used in related literature [13], [112], [113], [117]. The PWT is conducted by
creating a 1 wt% PSS solution (1 L, in Milli-Q water), and dispersing MLG (Trial one:
0.15 g, Trial two: 2 g) in the solution by a combination of mechanical mixing, and
sonication for 30 minutes [117]. The PSS-MLG solution is stored at 50 °C for 12 hours to
ensure the adsorption of the negatively charged PSS onto the MLG surface [117]. Excess
PSS is removed by three centrifugation and re-dispersion cycles [117]; the solution is
centrifuged at 5000 rpm for 1.5 hours, and re-dispersed in Milli-Q water by brief
sonication. The quantity of graphene was increased from 0.15 g in Trial one to 2 g in Trial
two to investigate if the process can achieve a higher yield of magnetically functionalized
MLG (MF-MLG).
The positively charged PDDA layer is subsequently added by mixing 1 wt% PDDA
solution (1 L, in 0.5 M NaCl aqueous solution) with the PSS-coated MLG via sonication
for 30 minutes [117]. Excess PDDA is removed by three centrifugation and re-dispersion
cycles, as specified above. The final layer of magnetically functionalized nanoparticles is
added by dispersing the PSS-PDDA coated MLG in 0.2 M NaCl (750 mL), and
incorporating the negatively charged magnetic nanoparticle solution (250 mL) by
mechanical stirring using a magnetic stirring rod for 1 hour [117]. The solution underwent
another three-centrifugation and re-dispersion cycles as specified above to remove excess
magnetic nanoparticles. As described in Section 2.6, the adsorption of each layer (PSS,
PDDA, and magnetic nanoparticles) occurs through the electrostatic interactions between
positive and negatively charged layers [13], [112].
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The final solution was heated to ~100 °C while stirring with a magnetic stirring rod
to evaporate the remaining water, followed by drying in an oven (~60 °C) overnight. The
dried MF-MLG particles were processed through a 300 µm sieve to break down any
agglomerates formed during drying. The MF-MLG particles were exposed to an external
magnetic field to ensure that the particles are magnetically responsive, shown in Figure
3.2. Lastly, blended powder mixture was prepared by mixing the PFA powder with the
MF-MLG particles (1 wt% and 10 wt% filler, based on the graphene content) in a
laboratory Inversina Tumbler Mixer at room temperature for 1 hour. The determination of
graphene content is described in Section 3.2.2.1 below.

Figure 3.2 Photograph of the dried MF-MLG particles attracted to an external magnetic force.
The MF-MLG particles produced from both trial 1 and trial 2 were magnetically responsive.

3.2.2.1 Determination of Graphene Content in MF-MLG
During magnetic functionalization, graphene is coated by PSS, PDDA, and finally
magnetic nanoparticles. Therefore, the coated graphene particles weigh more than the
uncoated graphene particles. Calculation of graphene content is important when comparing
MF-MLG composites to composites containing regular (not functionalized) graphene. The
graphene content in the MF-MLG particles is calculated, and the MF-MLG is added to the
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PFA composite such that the composite contains the desired wt% graphene (i.e., a
composite containing 1 wt% graphene may require 10 wt% MF-MLG filler depending on
the graphene content). It is assumed that no graphene is lost during processing. The mass
of MF-MLG produced is compared to the mass of graphene added to the mixture, as shown
in Table 3.3.
Table 3.3 Calculation of the graphene content in the produced MF-MLG.

Trial 1
Trial 2

m graphene added

m MF-MLG produced

0.15 g
2g

1.48 g
3.98 g

𝑚

wt% graphene = 𝑚 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑎𝑑𝑑𝑒𝑑 × 100
𝑀𝐹−𝑀𝐿𝐺 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

10.14 %
50.25%

The amount of MF-MLG added to a composite containing 1 wt% graphene and 10
wt% graphene is then calculated based on Equations 3.1a and 3.1b, respectively. Due to
the extremely low yield of graphene in the MF-MLG powder produced from trial 1, a PFA
composite containing only 1 wt% graphene was studied. Trial 2 produced a significantly
higher yield of graphene, thus composites with a higher filler weight fraction (10 wt%)
were studied.
mMF-MLG, 1wt% =

𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 × 0.01

mMF-MLG, 10 wt% =

𝑤𝑡%𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒
𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 × 0.1
𝑤𝑡%𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

(3.1a)
(3.1b)

3.2.2.2 Naming System for Magnetically Functionalized Samples
To clearly identify the magnetically functionalized samples, the following naming
system is used: graphite type (MF-MFG) – quantity of graphene added during
functionalization (Trial 1: 0.15 g, or Trial 2: 2 g) – filler wt%. The filler wt% denotes the
wt% of graphene in the composite. For instance, the PFA polymer composite sample
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containing 1 wt% MF-MFG filler (based on graphene content) produced from Trial one
(0.15 g graphene added during functionalization) will be referred to as: MF-MFG-0.15g1wt%.

3.3 Sample Preparation Process
3.3.1 Compression-Molded Disks
The blended powder mixtures were loaded into a cylindrical die to form
compression-molded disks ( 31.75 mm × 2 mm). The die was wrapped with an electrical
band heater to heat the powder during molding. The formation of defect-free disks was
achieved by following the compression molding scheme reported in a previous study [7],
as shown in Figure 3.3(a). An initial pressure of 0.4 MPa was first applied to the die at
room temperature to compact the loaded powder. The temperature was then gradually
increased to 350 °C to melt the polymer; and the pressure was increased to 10 MPa to
remove air bubbles that might form during the melting process. The temperature and
pressure was maintained at 350 °C and 10 MPa for 18 minutes, then the die (with the disk
sample inside) was cooled to room temperature and the sample was removed from the die.
Disk sample preparation for the MF-MLG composite used the same temperature
and pressure during compression molding. However, additional measures were taken to
align the MF-MLG particles. A new die made of non-magnetic stainless steel was
fabricated to prevent the magnetization of the die. The MF-MLG composite blended
powder mixture was loaded into the die, pressurized to the initial pressure of 0.4 MPa, and
then placed on a permanent magnet (K&J Magnetics, N52-grade) for 5 minutes to facilitate
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filler alignment, as shown schematically in Figure 3.3(b). The die was carefully removed
from the magnet, and the compression molding process was continued as described above.

Figure 3.3 (a) Curing scheme for the compression-molded disks [7], and (b) schematic of
magnetic alignment of filler particles in composite disk.

Waterjet was used to section the compression-molded disks into smaller pieces
for thermal property measurements and microscopy, as shown in Figure 3.4a. Thermal
property measurements require smaller disks for the laser flash method ( 12.7 mm × 2
mm), and differential scanning calorimetry ( 6 mm × 2 mm). Lastly, a small (2 mm × 2
mm × 15 mm) piece was cut for microscopy (Fig. 3.4b).
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Figure 3.4 Schematic of the compression molded samples: (a) waterjet cutting schemes, and (b)
cross-section of the samples for microscopy.

3.3.2 Electrostatically Sprayed Coupons
The blended powder mixtures were also electrostatically applied to 316 stainless
steel coupons to create coated samples for testing. This was completed for selected powder
mixtures including: ball-milled samples containing 60 nm MLG (60nm-20wt%-25h), 9 µm
graphite (9µm-20wt%-25h, 9µm-10wt%-25h, M9µm-10wt%-25h), 44 µm graphite
(44µm-20wt%-25h), and a sample containing magnetically functionalized MLG (MFMLG-2g-10wt%). The MLG and graphite samples with 20 wt% were selected for
comparison with previous studies [3], [7], [8], and a 25 hour ball milling time was selected
to focus on the impact of ball milling on the coating performance. The filler produced from
Trial 2 (MF-MLG-2g filler) was selected for creating the coating as it produces a
significantly higher yield of MF-MLG particles, which is required for the electrostatic
spray coating process. Furthermore, the MF-MLG particles produced from both processes
were responsive to an external magnetic field as shown in Figure 3.2.
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Waterjet was used to cut coupons (50 × 25 × 3 mm) from a large stainless steel
sheet; a small hole ( 5 mm) was made at the top of the coupons to facilitate the spray
coating process. The sharp edges and corners of the coupons were removed by grinding.
The coupons were then sandblasted, and thoroughly washed with neutral detergent and
dried.
The coupons were coated on one side or both sides during the spray coating process.
Electrostatic spray was conducted using a Wagner Prima (Wagner International AG,
Switzerland) coating system. The coupons were first coated with a primer powder (ACP5909 BK, Daikin American, Inc.) to form a 50 µm primer layer, and cured in a furnace
following the curing scheme identified in previous research, as shown in Figure 3.5a [7].
Top coatings of the blended powder mixtures were then applied up to a total thickness of
150-250 µm (5-7 layers) and cured in a furnace. The MF-MLG composite samples were
placed on top of a permanent magnet (K&J Magnetics, N52-grade) for 5 minutes to
facilitate alignment of filler particles before curing each layer, as shown schematically in
Figure 3.5c.

46

Figure 3.5 (a) Curing scheme for electrostatically coated primer powder and blended powder
mixtures [7], (b) schematic illustration of the coating cross-section, and (c) schematic illustration
of the cross-section of the primer and top coating layers, and the magnetic alignment of MF-MFG
filler particles within the top-coat layer.

3.4 Sample Analysis Methods
3.4.1 Microscopy
3.4.1.1 Sample Preparation for Microscopy
Compression-molded disks and electrostatically coated coupons were prepared as
described in Section 3.3. A small piece of each of the compression-molded disks (2 mm ×
2 mm × 15 mm) was cut using waterjet and mounted in epoxy for microscopy (crosssection exposed, Fig. 3.4b). A small section of the electrostatically sprayed coupons (~15
× 25 × 3 mm) was cut using a wire electrical discharge machine (WEDM, 0.254 mm wire)
and mounted in epoxy for microscopy (cross-section of coating and stainless steel substrate
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exposed, Fig. 3.5b). Significant grinding was performed at 180 grit to ensure complete
removal of any damage from sample cutting. The samples were then carefully ground using
an incremental grit scheme from 180P, 320P, 400P, 600P, 800P, 1500P, 2500P, and 4000P.
Lastly, the samples were polished using 1 µm diamond suspension to remove remaining
scratches. Samples were rinsed with soapy water, ethanol, and dried between each grinding
stage to prevent the transfer of grinding particles between steps.

3.4.1.2 Microscopy and Image Analysis
Microscopy was performed on the polished samples using an optical/ laser scanning
microscope (Keyence, VK-X100 series). Three micrographs were taken at 500×
magnification at different locations for each sample. Scanning electron microscopy (SEM),
equipped with an x-ray dispersive spectrometer (EDS), was also performed on the uncured
blended powder mixtures to observe changes in the graphite and PFA particles resulted
from ball milling, and to analyze the morphology of the MF-MLG particles.
Subsequent analysis of the filler particle distribution within both the compression
molded disks and electrostatically coated coupons was performed using the ImageJ
software. The software converts the micrographs to a ‘binary mask’, producing an image
featuring the filler particles in black, and the matrix area in white [121], [122], as shown in
Figure 3.6. The scale must be set within the Image J software corresponding to a known
distance, such as the scale bar automatically produced during microscopy, to ensure
accurate measurements. The ‘analyze particle’ function was then selected, and a summary
file is produced containing a quantitative analysis of the filler particle area percent [121],
[122]. This process is repeated for three micrographs (taken at different locations) per
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sample, and the average results were reported. Particle analysis of the electrostatically
coated samples excluded the area containing the ~50 µm primer layer and stainless steel
substrate.

Figure 3.6 (a) Micrograph of the PFA composite with 20 wt % 60 nm MLG filler ball milled for
25 hours (60nm-20wt%-25h), and (b) the micrograph produced using the ImageJ software by
applying a binary mask.

3.4.2 Surface Topography
The surface topography of the electrostatically coated samples was examined using
an optical/laser scanning microscope (Keyence, VK-X100 series) before durability testing.
Three micrographs (100× magnification, 1000 × 1400 μm2 area) were taken per sample at
different locations. The VK Analyzer software was then used to analyze the arithmetic
mean height surface roughness (Ra) and root mean square roughness (Rq). The average
value from the three micrographs was reported.

3.4.3 Thermal Property Analysis
The compression-molded disks are used for the thermal property measurements.
This provides an understanding of the bulk thermal properties of the composite material,
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which is consistent with techniques used in related research [3], [7], [8]. The thermal
diffusivity measurements were conducted via the laser flash method (LFA 457 Microflash,
Netzsch) according to ASTM E1461-01 [123]. The specific heat measurements were
performed by the differential scanning calorimetry technique with sapphire as the reference
material (ASTM E1269-11) [124]. The values are measured between 25 °C and 250 °C,
at 25 °C intervals. The thermal conductivity (λ) is then calculated based on the relationship
between the density (ρ), specific heat (CP), and thermal diffusivity (α) of the composite
material [125]:
λ = ρCP α

(3.2)

3.4.4 Wear Testing
The durability and tribological performance of the electrostatically coated coupons was
analyzed via pin-on-disk wear testing. A stainless steel ball was selected as the counterface material and was positioned perpendicular to the flat test sample (coated coupon). The
stainless steel ball was rigidly held in position and the coated sample was securely mounted
onto the base of the machine. The machine base rotates the coupon, resulting in a circular
sliding pattern at the point of contact with the stainless steel ball. The stainless steel ball
and coated coupons were cleaned prior testing. The coated samples were carefully cleaned
with soapy water, rinsed, and dried. The mirror-like stainless steel balls were ultrasonically
cleaned in ethanol and dried. The samples were weighed before and after testing to the
nearest 0.0001 g using a Sartorius LE225D scale. All samples were handled with gloves to
prevent contamination.
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Ball-on-disk wear tests were conducted at ambient conditions against 6 mm diameter
stainless steel balls using a Bruker’s UMT machine. The applied load and sliding speed
were 10 N and 0.1 m/s, respectively, and each test ran for a total of 8 hours (4.05 mm
radius). Wear test parameters were selected according to the procedure outlined in ASTM
G99-05 [126] and related literature [3][127].
3.4.4.1 Wear Test Analysis
The Bruker’s UMT tribometer recorded the tangential force (FT) and normal force (FN)
during each test. This data is analyzed to calculate the coefficient of friction (COF, µ=
FT/FN), and is subsequently plotted to illustrate the COF fluctuations with respect to sliding
distance. The average COF in the steady state region is estimated.
Micrographs of the wear track were captured using an optical/laser scanning
microscope (Keyence, VK-X100 series). To ensure accuracy, four micrographs at different
locations were taken per sample (Figs. 3.7 a, b). The VK-Analyzer software is used to
analyze the micrographs to extract the wear track profiles and the corresponding wear area.
Six profiles were extracted from each micrograph (Fig. 3.7c), and then the average wear
area from all 24 profiles was used for further calculations. The volume wear rate was then
calculated as [128]:

̃ =
𝑊

2𝜋𝑟𝐴
𝑆

(3.3)

where ‘r’ is the radius of the wear track, ‘A’ is the average worn area, and ‘S’ is the total
sliding distance.
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1 2 3 4 5 6

Figure 3.7 (a) Schematic of the wear track, with micrographs taken at the 4 locations indicated.
(b) Micrograph of the wear track, with wear profiles extracted at the 6 locations indicated, and (c)
A wear profile taken at 1 of the 6 indicated locations.

The wear tracks were further examined using an environmental scanning electron
microscope (ESEM, FEI-Quanta 200FEG) with an x-ray dispersive spectrometer (EDS)
detector. Low vacuum (~70 Pa) was used to reduce the effect of charging on the surface
during imaging.

3.4.5 Raman Spectroscopy
Raman spectroscopy was completed on the compression-molded disks made from
the ball-milled composites to analyze the degree of mechanical exfoliation on the graphite
particles. Raman spectroscopy is a non-destructive vibrational technique that detects
specific ‘fingerprints’ for different geometric structures and bonding within molecules
[129]. Changes in the Raman spectra may be analyzed to distinguish between graphene
and graphite particles [129]. Raman spectroscopy was conducted using a Confocal Raman
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Spectrometer with a 532 nm laser excitation (2 MW laser power, 2 second integration time,
20 accumulations), over a Raman Shift range of 900 – 4000 cm-1 wavenumbers. Graphene
exhibits three main peaks: a D peak at ~1350 cm-1, a G peak at ~1580 cm-1, and a 2D peak
at ~2700 cm-1 [10]. The resulted Raman Spectra were analyzed using Project FOUR
software to determine specific peak locations, intensities, and to overlay and compare
spectra from different samples.
It is well known that the 2D band of graphene and graphite display notable
differences in both their band shape and intensity, as shown in Figure 3.8a [104], [130].
Graphene displays one distinctive 2D band that has a significantly higher intensity than the
G peak; conversely the 2D band of graphite is much broader and has a lower intensity than
the G peak. The gradual evolution of the 2D band from monolayer graphene to graphite is
illustrated in Figure 3.8b; after about 10 layers the Raman spectra of MLG becomes
indistinguishable from that of bulk graphite [104], [130].

Figure 3.8 (a) The Raman spectra (514 nm excitation) of graphene compared to bulk graphite, with
the main peak locations marked, and (b) The Raman spectra (514 nm excitation) of the 2D band as
it evolves from monolayer graphene to bulk graphite, with the shoulder (red) and peak (blue)
locations labelled (graphs reproduced from Ferrari et al. [130]).
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Paton et al. suggested a method to quantitatively estimate the number of graphene
layers based on the shape of the 2D band of graphene relative to the shape of the 2D band
of the bulk graphite material [131]. This method will be used to estimate the resulted flake
thickness of the ball milled graphite particles. First, the ratio of the graphene 2D peak
intensity versus the graphite 2D peak intensity is calculated, known as metric ‘M’ [131]:

M=

I2D,graphene (ω=ωP,graphite ) / I2D,graphene (ω=ωS,graphite)
I2D,graphite (ω=ωP,graphite ) / I2D,graphite (ω=ω𝑆,graphite)

(3.4)

where I2D,graphene (ω= ωP, graphite) is the Raman intensity of graphene at the graphite 2D peak
location, I2D,graphene (ω= ωS, graphite) is the Raman intensity of graphene at the graphite 2D
peak shoulder location, I2D,graphite (ω= ωP, graphite) is the Raman intensity of the graphite at its
2D peak, and I2D,graphite (ω= ωS, graphite) is the Raman intensity of graphite at the shoulder of
its 2D peak [131]. The graphite peak and shoulder locations are indicated in Figure 3.8b.
The graphite shoulder is located at: ωS= ωP, graphite – 30 cm -1 [131]. The number of graphene
layers (NG) is directly related to metric ‘M’ [131]:

𝑁𝐺 = 10 0.84 𝑀 + 0.45 𝑀

2

(3.5)

Graphene samples containing defects exhibit a D-band, commonly known as the
disorder or defect band. The defect intensity ratio (intensity of the D-band relative to the G
band, ID/IG) may be used to indicate the level of defects in a graphene sample [10], [131],
[132]. A higher defect intensity ratio means there are more defects within the graphene,
leading to increased phonon scattering and lower thermal performance. The resulted
graphene/graphite particles are analyzed at 3 different locations per sample. The average
NG and ID/IG ratio calculated based on the three locations is reported in the results.
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4. CHAPTER 4: EXPERIMENTAL RESULTS
The experimental results are presented in five sections: microscopy, surface
topography, thermal properties, wear, and Raman spectroscopy.
4.1 Microstructural Analysis
The microstructural analysis is divided into four categories: laser/optical
microscopy of the compression-molded disks and electrostatically sprayed coupons,
particle analysis using the ImageJ software, and scanning electron microscopy of the
blended powder mixtures.
4.1.1 Microstructural Analysis of Compression-Molded Disks
Micrographs of the compression-molded disks (cross-sections) captured using a
laser/ optical microscope are shown in Figures 4.1 – 4.5. The micrographs highlight the
effect of ball milling on the filler particle shape and distribution with increasing ball milling
times, and with different filler particle types (60 nm MLG, 9 µm graphite, 44 µm graphite).
To establish a baseline for comparison, the ball-milled samples are all compared to a
sample prepared by traditional processing methods (blended in a tumbler mixer for 1 hour).
In the micrographs the graphite particles appear as light gray flakes, and the PFA matrix
appears black.
The cross-sections of the compression-molded composites containing 20 wt% 60nm MLG filler are shown in Figure 4.1, comparing the microstructure of the sample
without ball milling (Figs. 4.1 a, c) to the sample after ball milling for 25 hours (Figs. 4.1
b, d). The micrographs of the samples without ball milling are from previous research [8];
it is important to note that the high magnification micrograph (Fig. 4.1c) is of an
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electrostatically sprayed coupon rather than a compression molded disk. At both high and
low magnification, it was observed that the sample that underwent no ball milling has
uneven particle distribution, showing large portions of PFA with no MLG particles, and an
overall random orientation of the MLG particles within the PFA matrix. Conversely, the
filler particles in the ball-milled sample appear evenly distributed and oriented horizontally
within the sample. At high magnification (Figs. 4.1 c, d), no obvious changes in the size of
the filler particles after ball milling are observed. However, it is important to note that
minor particle stacking is observed between some of the MLG particles in the ball milled
sample. At low magnification (Figs. 4.1 a, b) the filler particles appear smaller after ball
milling; this is likely due to filler particle agglomeration and networking observed in the
sample without ball milling.
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Figure 4.1 Laser/optical micrographs of the PFA- 60 nm MLG composite samples: (a) 60nm20wt%-0h at low magnification [8], (b) 60nm-20wt%-25h at low magnification, (c) 60nm20wt%-0h at high magnification [8], and (d) 60nm-20wt%-25h at high magnification. It is
important to note that all the micrographs are of compression molded disks except Figure 4.1c,
which is an electrostatically coated coupon.

Figure 4.2 compares the cross-sectional micrographs of the PFA composite samples
containing 20 wt% 9-µm graphite filler. Samples with various milling times (0 – 30 hours,
5 hour intervals) are compared to evaluate the impact of ball milling time on the filler
particles and the resulted microstructure. Consistent with the 60nm-20wt%-0h sample, the
9µm-20wt%-0h sample without ball milling (Fig. 4.2a) appears to have an uneven
distribution of filler particles and random particle orientations. After 5 hours of ball milling
(Fig. 4.2b) the graphite particles appear to be oriented horizontally within the sample, with
improved particle distribution. No obvious change in the filler particle size or distribution
is observed when the ball milling time is increased to 10 hours or more (Figs. 4.2c-4.2g).
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All the ball-milled samples maintain good filler particle distribution, with a common
orientation of graphite particles along the horizontal direction. Similar to the 60nm-20wt%25h sample, minor particle stacking is observed between some of the 9-µm graphite
particles in the ball milled samples (Figs. b, c, f).
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Figure 4.2 Laser/optical micrographs of the PFA- 9 µm graphite composite compression molded
samples containing 20 wt% filler with increasing ball milling times: (a) 0 hours, (b) 5 hours, (c)
10 hours, (d) 15 hours, (e) 20 hours, (f) 25 hours, and (g) 30 hours.
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The cross-sectional micrographs of the PFA composite samples containing 20 wt%
44 µm graphite are shown in Figure 4.3. The 44-µm graphite has the largest particle size
among the fillers studied and shows the most significant change in particle size after ball
milling. The sample without ball milling (Fig 4.3a) exhibits randomly oriented, unevenly
distributed, and inhomogeneous graphite flakes in the matrix. After ball milling for 25
hours (Fig 4.3b) the graphite particles appear evenly distributed, horizontally aligned, and
are more homogeneous in size.

Figure 4.3 Laser/optical micrographs of the PFA-44 µm graphite composite compression molded
samples: (a) 44µm-20wt%-0h, (b) 44 µm-20wt%-25h.

The micrograph of the M9µm-10wt%-25h sample (9µm-20wt%-25h diluted with
unprocessed PFA to 10 wt%) is compared to the undiluted sample (9µm-10wt%-25h) in
Figure 4.4. The graphite particles in the sample without ball milling (Fig. 4.4a) displayed
an uneven particle distribution (with large clusters of plain PFA and no graphite particles),
and random graphite particle orientation. After ball milling for 25 hours, the undiluted
sample (Fig. 4.4b) showed evenly dispersed graphite particles oriented in the horizontal
direction. The ball-milled sample diluted with unprocessed PFA (Fig. 4.4c) exhibited a
general graphite orientation in the horizontal direction. However, the graphite particles
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were not evenly dispersed as they formed a loose network around large clusters of plain
PFA. Thus, introducing unprocessed PFA particles into the ball-milled composite reduced
the uniformity of the particle distribution and the overall homogeneity of the composite.

Figure 4.4 Laser/optical micrographs of the PFA- 9 µm graphite composite compression molded
samples: (a) 9µm-10wt%-0h, (b) 9µm-10wt%-25h, and (c) M9µm-10wt%-25h.

Figure 4.5 displays the cross-sectional micrographs of the PFA compressionmolded disks containing MF-MLG filler particles. As shown in Figure 3.3b, it was
expected that the magnetic field will align the MF-MLG particles vertically. Micrographs
of the composite containing MF-MLG particles produced from Trial 2 (MF-MLG-2g10wt%) are shown in Figures 4.5a and 4.5b. At low magnifications (Fig. 4.5a), large
agglomerates of MF-MLG particles and random filler particle alignment are observed. At
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high magnifications (Fig 4.5b), the large agglomerates appear very porous, and alignment
of the graphene particles within the agglomerates is not clear. The composite containing
MF-MLG particles produced from Trial 1 (MF-MLG-0.15g-1wt%) are shown in Figures
4.5c and 4.5d. At low magnifications (Fig. 4.5c) some of the filler particles appear to be
aligned in the horizontal direction. As the alignment of the MF-MLG particles by the
external magnetic field should occur in the vertical direction, this alignment is not due to
the magnetic functionalization of the MLG particles. At high magnifications (Fig. 4.5d), it
is observed that the agglomerates produced from Trial 1 (MF-MLG-0.15g) are very dense,
and the alignment of the graphene particles within the agglomerates is not clear.

Figure 4.5 Laser/optical micrographs of the PFA- MF-MLG composite compression molded
samples: (a) MF-MLG-2g-10wt% at 200 × magnification, (b) MF-MLG-2g-10wt% at 500 ×
magnification, (c) MF-MLG-0.15g-1wt% at 200 × magnification, and (d) MF-MLG-0.15g-1wt%
at 500 × magnification.
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4.1.2 Microstructural Analysis of Electrostatically Sprayed Composite Coatings
Figure 4.6 displays the cross section of an electrostatically coated coupon, sample
9µm-10wt%-25h, labelling the different layers observed. The light gray area at the bottom
of the micrograph is the stainless steel substrate, which is followed by a ~50 µm thick black
primer layer, then a ~150-250 µm thick PFA-composite top layer. The mounting epoxy
appears at the top of the micrograph. The light gray flake-like particles in the top layer are
the graphite particles, and the light gray spheres within the primer layer are the mounting
epoxy transferred from the mount to the sample during polishing. Cross-sectional
micrographs of the electrostatically coated coupons of various composites are shown in
Figure 4.7–4.9.

Figure 4.6 Example of the cross section of an electrostatically coated coupon (9µm-10wt%-25h)
displaying the steel substrate followed by a ~50-µm primer layer and a subsequent ~150 - 250 µm
PFA-composite top layer.

Micrographs for the samples containing 20 wt% filler are shown in Figure 4.7. The
graphene particles in the 60nm-20wt%-25h (Fig. 4.7a) sample are mostly oriented along
the horizontal direction. The 9µm-20wt%-25h (Fig. 4.7b) and 44µm-20wt%-25h (Fig.
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4.7c) samples also appear to have a general alignment of particles along the horizontal
direction, but the particles are not as ordered as the 60nm-20wt%-25h sample. All samples
containing 20 wt% filler display good particle distribution of within the polymer matrix.
The surface finish of the samples may be visually analyzed at the interface between the
PFA composite top layer and the epoxy. All the samples with 20 wt% filler appear to have
a rough surface, as displayed by the large peaks and valleys at the composite-epoxy
interface. This is worsened by the loosely bonded filler particles directly protruding from
the coatings.

Figure 4.7 Laser/optical cross-sectional micrographs of the electrostatically coated PFAcomposite coupons: (a) 60nm-20wt%-25h, (b) 9µm-20wt%-25h, and (c) 44µm-20wt%-25h.

Cross-sectional micrographs of the 9µm-10wt%-25h and M9µm-10wt%-25h
electrostatically coated composite samples are shown in Figures 4.8a and 4.8b,
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respectively. It is observed that the graphite particles in both samples are generally aligned
in the horizontal direction. However, the particle alignment appears less ordered than in
the compression-molded samples. The particle distribution in the sample diluted with
unprocessed PFA (M9µm-10wt%-25h) contains small pockets of plain PFA. The undiluted
sample (9µm-10wt%-25h) displays better homogeneity between the graphite filler and the
matrix PFA. The surface of the diluted sample (M9µm-10wt%-25h) appears to be slightly
rougher than the undiluted sample (9µm-10wt%-25h), but both coatings show much
smoother surfaces than the coatings with 20 wt% filler.

Figure 4.8 Cross-sectional laser/optical micrographs of the electrostatically coated PFAcomposite samples: (a) 9µm-10wt%-25h, and (b) M9µm-10wt%-25h.

Micrographs of the coating containing the MF-MLG-2g filler are shown in Figure
4.9. Similar to the compression-molded disk, the MF-MLG particles in the cross section of
the coated coupon also appear in large agglomerates with no obvious alignment of the filler
particles to a specific direction. The surface of the MF-MLG filled composite coating
appears to be quite smooth (Fig. 4.9a), but rough patches are observed when the MF-MLG
agglomerates occur at the coating surface (Fig. 4.9b).
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Figure 4.9 Cross-sectional laser/optical micrographs of the electrostatically coated MF-MFG-2g10wt% composite sample at two different locations: (a) the filler particle distribution and
alignment, and (b) MF-MFG particle at the surface of the coating, leading to higher surface
roughness values.

4.1.3 Microscopy Image Analysis
The cross-sectional micrographs of the compression-molded disks and
electrostatically coated coupons were analyzed (as described in Section 3.4.1.2) to
“quantitatively” evaluate the distribution of the filler in the matrix. The area percentages
of fillers for the compression-molded disk samples with 20 wt% filler (60 nm, 9 µm, 44
µm) after ball milling for 0 and 25 hours are shown in Figure 4.10a. It is observed that the
area percent of filler in samples without ball milling (0 hours) decreases as the graphite
particle size increases. The sample with 60 nm MLG particles has the highest area percent
of filler, followed by the 9-µm graphite particles, and then the 44-µm graphite particles.
After ball milling for 25 hours, the area percent of filler increases in all samples. The area
percent of the 60 nm MLG particles only increased slightly, but the area percent of the 9µm and 44-µm graphite particles increased substantially. As smaller particle sizes yield
larger filler area percentages, the substantial increase in the area percentages of the 9-µm
and 44-µm graphite indicates that the particles were exfoliated into smaller particles during
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ball milling. It appears that ball milling had little impact on the 60 nm MLG particles since
these are already very small.
Table 4.1 summarizes the area percentages of fillers for both the compressionmolded disks and electrostatically-coated samples. The 60nm-20wt%-25h coating has the
largest area percent. However, the 44µm-20wt%-25h coating has a slightly higher area
percent of filler than the 9µm-20wt%-25h coating despite having a smaller initial filler
particle size. The area percent of filler of the compression molded disks is compared to the
electrostatically sprayed coupons in Figure 4.10b. It is observed that the area percent of
filler is consistently lower in the electrostatically coated samples compared to the
compression molded disk samples. It should be noted that the area percent of filler particles
in the electrostatically coated samples is more difficult to evaluate using the ImageJ
software relative to the compression molded samples. The area percent of coated samples
must be carefully evaluated to avoid the primer layer and epoxy at the edge of the surface.
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Figure 4.10 The area percentage of filler: (a) for compression-molded disk samples (60nm20wt%, 9µm-20wt%, 44µm-20wt%) after 0 and 25 hours of ball milling, and (b) for the
compression molded disks versus electrostatically coated coupons.

Table 4.1 The area percentages of fillers calculated using the ImageJ software for various fillers,
weight percentages, and ball milling times.
Filler Type
60 nm Multi-Layer Graphene
9 µm Graphite

Weight
Percent (%)
20
10

9 µm Graphite (mixture)*

9 µm Graphite

20

44 µm Graphite

20

MF-MLG-0.15 g Sample
MF-MLG-2.0 g Sample

1

Milling
Time (Hours)

Area Percent (%)
(Disk Sample)

Area Percent (%)
(Coated Sample)

0
25
0
25
25
0
5
10
15
20
25
30
0
25
0
0

37.92
38.50
16.52
24.83
27.29
31.38
36.91
33.90
37.78
39.32
36.98
29.04
30.04
34.41
10.25
25.90

12.51
16.79
10.07
12.19
11.32
13.67
4.64
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4.1.4 Morphology and Compositional Analysis of Blended Powders
SEM characterization was conducted on the blended powder mixtures to examine
the impact of the processing method on the filler and matrix particles. Figure 4.11 shows
SEM images of the blended powder mixtures (not cured) containing PFA and 20 wt% 44
µm graphite with increasing milling time. After ball milling for 20 hours, the graphite
particles are indistinguishable from the PFA particles, and the morphology of the particles
become very flat and flake-like. No apparent changes in particle distribution and
morphology are noticed with further increase of the milling time from 25 h to 30 h. Figure
4.12 displays the SEM images for the PFA-44 µm graphite blended powder mixture (not
cured) with increasing filler weight percentage. Again, no obvious variations in particle
morphology are observed when the filler amount increases from 10 wt% to 20 wt%. Energy
dispersive spectroscopy (EDS) mapping was performed on the 44µm-20wt%-30h sample,
and the element overlay is shown in Figure 4.13. PFA consists of fluorine (F) and carbon
(C), whereas graphite consists of only carbon. Thus, the large clusters of purple (carbon)
regions in the EDS map indicate graphite particles. The purple patches still contain small
specks of fluorine (yellow). Furthermore, the purple clusters identified in the EDS overlay
are indistinguishable when viewed in the corresponding SEM images. Thus, the graphite
particles appear thoroughly dispersed, and lightly coated with PFA, within the PFA matrix.
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Figure 4.11 SEM images of the PFA-20 wt% 44 µm graphite powder mixture (before curing): (a)
before ball milling, (b) after ball milling for 20h, (c) after ball milling for 25h, and (d) after ball
milling for 30h.
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Figure 4.12 SEM images of the blended powder mixture (before curing) after ball milling for 25
hours containing various amounts of 44 µm graphite filler: (a) 10 wt% , (b) 15 wt%, and (c) 20
wt%.

Figure 4.13 Energy dispersive spectroscopy analysis of the powder mixture containing 20 wt%
44 µm graphite after ball milling for 30 hours (before curing): (a) SEM image, and (b) EDS
element overlay map.
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Figure 4.14 shows the SEM images of the blended powder mixture containing 10
wt% MF-MLG (without ball milling). The PFA matrix appears as small relatively smooth
spherical particles, whereas the MF-MLG filler particles appear significantly larger,
irregularly shaped, and rough. The EDS spectra taken at Spot 1 and Spot 2 are displayed
in Figure 4.14(c) and 4.14(d), respectively. The EDS spectrum at Spot 1 confirms that the
irregularly shaped particle is the MF-MLG filler (C, O, and Fe elements, characteristic of
the magnetic nanoparticles), and the spherical particle is the PFA matrix (C and F
elements). Figure 4.14(b) shows a higher magnification view of the MF-MLG particle,
exemplifying the rough surface and apparent excess of magnetic nanoparticle surrounding
the MLG.

Figure 4.14 SEM images and EDS spectra of the blended powder mixture (before curing, without
ball milling) containing PFA and 10 wt% MF-MLG (MF-MLG-2g-10wt%): (a) SEM image at a
lower magnification showing the PFA and MF-MLG particles, (b) a higher magnification SEM
image of the area outlined in (a), showing the rough surface of the MF-MLG particle, (c) the EDS
spectrum for ‘EDS Spot 1” shown in (a), (d) the EDS spectrum for ‘EDS Spot 2’ shown in (a).
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4.2 Surface Topography Analysis
The arithmetic mean height surface roughness (Ra) and root mean square surface
roughness (Rq) values for the electrostatically coated composite coupons are summarized
in Table 4.2. The surface roughness is higher in samples with smaller initial graphite
particle sizes (before ball milling). The coating containing 60 nm MLG filler particles has
the largest surface roughness, followed by the coating with 9-µm graphite filler particles,
and then the coating with 44-µm filler particles. Furthermore, the surface roughness
increases with increasing filler content. For instance, the surface roughness of the coating
containing 9-µm graphite filler increased roughly 7 times when the filler content was
increased from 10 wt% (9µm-10wt%-25h, Ra= 8.08 ± 0.03) to 20 wt% (9µm-20wt%-25h,
Ra= 56.37 ± 1.49).
Table 4.2 The arithmetic mean height surface roughness (Ra) and root mean square roughness
(Rq) values obtained from optical /laser microscopy (scan area: 1000 × 1400 um2).
Sample Type
60nm-20wt%-25h
9µm-20wt%-25h
44µm-20wt%-25h
MF-MLG-2g-10wt%
9µm-10wt%-25h
M9µm-10wt%-25h

Ra (µm)
68.50 ± 3.27
56.37 ± 1.49
50.92 ± 1.28
10.03 ± 4.06
8.08 ± 0.03
13.07 ± 0.60

Rq (µm)
85.21 ± 3.97
71.04 ± 2.44
61.63 ± 1.79
14.06 ± 4.98
10.11 ± 0.26
16.19 ± 0.23

Three-dimensional laser-optical profiles of the coatings are shown in Figure 4.15.
The optical laser micrographs for the 20 wt% filler samples (Figs. 4.11 a, b, c) display a
very rough surface, with uneven pits and peaks throughout the samples. Conversely, the
9µm-10wt% samples (Figs. 4.11 1d, e, f) appear very smooth, with subtle variations in
height throughout the samples. The sample containing the MF-MLG filler particles (Fig.
4.11 d) appears smooth, with random peaks leading to a rise in the surface roughness. The
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peaks are likely attributed to large MF-MLG particles at the surface, as shown in Figure
4.9c.

Figure 4.15 Three-dimensional optical/laser profiles of the composite coatings: (a) 60nm-20wt%25h, (b) 44µm-20wt%-25h, (c) 9µm-20wt%-25h, (d) MF-MFG-2g-10wt%, (e) 9µm-10wt%-25h,
(f) M9µm-10wt%-25h.

4.3 Thermal Analysis
The thermal conductivities of the compression-molded disks are calculated as a
function of the material’s thermal diffusivity, specific heat, and density, as described in
Section 3.4.3 (Eq. 3.2). The thermal conductivities from 25 °C to 250 °C for all the samples
are shown in Figures 4.16 - 4.21.
Figure 4.16 and Figure 4.17 summarize the overall thermal property results for
samples containing 20 wt% filler that were ball milled for 0 and 25 hours (60nm MLG, 9
µm graphite, and 44 µm graphite). Generally, the thermal diffusivity values gradually
decrease as the temperature increases (Fig. 4.16a). For composites without ball milling, the
thermal diffusivity shows significant differences among the composites filled with
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different particles. The thermal diffusivity decreases with the increase of filler particle size:
the 60nm-20wt%-0h sample has the highest thermal diffusivity values, which are about 2×
of the 9µm-20wt%-0h and 44µm-20wt%-0h samples. After ball milling for 25 hours, the
thermal diffusivity of the 60nm-20wt% MLG composite dropped significantly, while the
9µm-20wt%-25h and 44µm-20wt%-25h samples moderately dropped. The specific heat
values are shown in Figure 4.16b. The 60 nm MLG filled composite (without ball milling)
exhibits a substantial and gradual decrease in specific heat with the increase of temperature,
while all the other samples show essentially the same specific heat until the temperature
reached 125 °C, starting from which the specific heat also decreases with the temperature.
The overall thermal conductivity (Fig. 4.17) values similarly decrease as the
temperature increases. The 60nm-20wt%-0h sample displayed the highest thermal
conductivity value, followed by the 9µm-20wt%-0h sample, and then the 44µm-20wt%0h sample. Thus, smaller graphite particles exhibit higher thermal conductivity values.
However, all the samples exhibit a significant decrease in thermal conductivity after
undergoing ball milling for 25 hours. Like the samples that did not undergo ball milling,
the milled samples with smaller initial graphite particles exhibited higher thermal
conductivity values.

75

Figure 4.16 The overall thermal property results from 25 °C to 250 °C for the composite samples
containing 60 nm MLG, 9 µm graphite, and 44 µm graphite filler particles (no ball milling, and
milled for 25 hours). The graphs summarize the: (a) thermal diffusivity values, and (b) specific
heat values.
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Figure 4.17 The overall thermal conductivity results from 25 °C to 250 °C for the composite
samples containing 60 nm MLG, 9 µm graphite, and 44 µm graphite filler particles (no ball
milling and milled for 25 hours).

The thermal conductivity values for samples containing different fractions (10wt%,
15wt%, and 20wt%) of the 60 nm MLG filler are shown for and milling times (0h, 25h) in
Figure 4.18(a). The thermal conductivity values increase with higher filler weight fractions.
All samples experience a decrease in thermal conductivity after ball milling for 25 hours.
The effect of increasing ball milling time on the samples thermal conductivity is shown in
Figure 4.18(b). As previously observed, the thermal conductivity is significantly higher in
samples that underwent no ball milling. The thermal conductivity values appear the same
for samples undergoing 20 hours, 25 hours, and 30 hours of ball milling.
The thermal conductivity values for composite samples containing 9 µm filler with
different filler weight fractions (1 0wt%, 15 wt%, 20 wt%) and ball milling times (0h, 25h)
are summarized in Figure 4.19. Samples containing higher weight fraction of filler
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displayed higher thermal conductivity values. All samples displayed a decrease in thermal
conductivity after ball milling. Interestingly, the M9µm-10wt%-25h sample that was
diluted with unprocessed PFA powder displays better thermal property results than the
undiluted sample (9µm-10wt%-25h). The diluted sample (M9µm-10wt%-25h) displays
very comparable thermal conductivity values to the sample that did not undergo ball
milling (9µm-10wt%-0h). Figure 4.19(b) shows the thermal conductivity values with
increasing ball milling times (0h, 5h, 10h, 15h, 20h, 25h, 30h). The samples that underwent
ball milling displayed similar thermal conductivity values, with no clear influence of ball
milling time on the resulted thermal performance.
The thermal conductivity values for the composites containing 44 µm graphite filler
are shown in Figure 4.20(a) with different filler weight fractions (10wt%, 15wt%, 20wt%)
and ball milling times (0h, 25h). Consistent with previous results, the thermal conductivity
increases with increases in filler weight fraction and decreases after the sample undergoes
ball milling. The effect of ball milling time on the thermal conductivity is shown in Figure
4.20(b). The sample that underwent no ball milling displays a significantly higher thermal
conductivity. The samples that were ball milled for 20-30 hours display very similar
thermal conductivity values, with no clear trend between thermal conductivity and milling
time.
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Figure 4.18 The thermal conductivity values from 25 °C to 250 °C for the 60 nm MLG filled
composites with: (a) increasing filler wight percent (10wt%-20wt%) for samples that underwent
no ball milling, versus ball milling for 25 hours, and (b) increasing ball milling time (0-30 hours)
for samples with 20 wt% filler.
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Figure 4.19 The thermal conductivity values from 25 °C to 250 °C for the 9 µm graphite filled
composites with: (a) increasing filler weight percent (10wt%-20wt%) for samples that underwent
no ball milling, versus ball milling for 25 hours, and (b) increasing ball milling time (0-30 hours)
for samples with 20 wt% filler.
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Figure 4.20 The thermal conductivity values from 25 °C to 250 °C for the 44 µm graphite filled
composites with: (a) increasing filler wight percent (10wt%-20wt%) for samples that underwent
no ball milling, versus ball milling for 25 hours, and (b) increasing ball milling time (0-30 hours)
for samples with 20 wt% filler.
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The thermal conductivity of the MF-MLG filled samples is compared to samples
containing randomly oriented graphene particles, shown in Figure 4.21. For both weight
fractions of MLG (1wt% and 10wt%), the composite samples containing randomly
oriented MLG have a higher thermal conductivity from 25 °C to ~120 °C. At ~120 °C the
thermal conductivity values for the composites containing randomly oriented MLG and the
composites containing MF-MLG breakeven, after which the MF-MLG values display
higher thermal conductivity values with further increases in temperature. The thermal
conductivity for all samples decreases with increases in temperature however, the samples
containing randomly oriented MLG decrease at a greater rate resulting in the breakeven
point. The thermal conductivity of the samples containing 10 wt% filler is higher than the
samples containing 1 wt% filler.

Figure 4.21 The thermal conductivity values from 25 °C to 250 °C for the PFA composites
containing MF-MLG-0.15g, MF-MLG-2g, and randomly oriented graphene filler particles.
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4.4 Wear Test Results
4.4.1 Coefficient of Friction and Wear Rates
Pin-on-disk wear testing was conducted on composite coated samples as described in
section 3.4.4. The variation of the coefficient of friction (COF) versus sliding distance for
composite coatings containing various filler particles (60nm-20wt%-25h, 9µm-20wt%-25h, 44µm20wt%-25h, MF-MLG-10wt%) are shown in Figure 4.22. All samples display a running-in period
for the first ~250 m where the COF rapidly increases with the sliding distance. After the initial
running-in period, the samples that underwent ball milling experience a slight decrease in COF and
begin to enter a steady state. However, all samples experienced slight fluctuations in COF values
throughout the testing, even during their ‘steady state’ period. The 44µm-20wt%-25h sample had
the lowest COF value throughout the testing, followed by the 60nm-20wt%-25h, 9µm-20wt%-25h,
and finally the MF-MLG-10wt% samples. The COF for the 44µm-20wt%-25h sample experienced
an abrupt increase and extremely unsteady COF values at ~2000 m. The 9µm-20wt%-25h sample
displayed a substantial drop and sudden rise in the COF, followed by extreme fluctuations in COF
values after ~1750 m. Conversely, the 60nm-20wt%-25h sample did not experience any sudden
peaks in COF throughout the testing. The MF-MLG-2g-10wt% sample experiences several sudden
drops and rises in the COF value throughout the testing. Wear debris was observed after roughly 5
minutes of testing for all samples, further accumulating throughout the testing.
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Figure 4.22 The coefficient of friction (COF) versus sliding distance curves for composite-coated
samples: 60nm-20wt%-25h, 9µm-20wt%-25h, 44µm-20wt%-25h, and MF-MLG-10wt%.

Figure 4.23 displays the variation of COF with respect to sliding distance for
composite samples containing 9-µm graphite filler (9µm-20wt%-25h, 9µm-10wt%-25h,
M9µm-10wt%-25h). The composite samples containing 10 wt% 9-µm graphite filler
remain in steady state throughout the testing. However, the fluctuation in the COF values
gradually increases with the sliding distance.
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Figure 4.23 The variation of the coefficient of friction with respect to sliding distance for
composite-coated samples: 9µm-20wt%-25h, 9µm-10wt%-25h, M9µm-20wt%-25h.

The average COF’s of all the tested samples were calculated from the steady-state
regions and shown in Figure 4.24. The average COF values (0.10-0.13) are all very similar
and fall within the range for PFA on steel (0.1-0.2) [42]. The samples containing 20 wt%
filler display slightly lower COF values, with the 44µm-20wt%-25h sample being the
lowest. The 10 wt% sample diluted with unprocessed PFA particles (M9µm-10wt%-25h)
exhibits a slightly higher average COF than the undiluted sample (9µm-10wt%-25h). The
MF-MLG-2g-10wt% sample shows the highest COF during steady state.
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Figure 4.24 The average coefficient of friction in the steady-state region (9µm-20wt%-25h:
~250m to 1750m; 44µm-20wt%-25h: ~250m to 2125m; 9µm-10wt%-25h and M9µm-10wt%25h: ~250m to 2500m; 60nm-20wt%-25h and MF-MLG-2g-10wt%: ~250m to 2800m) for
composite-coated samples during pin-on-disk wear testing.

The coated samples and stainless steel counter-face were weighed before and after
testing. The calculated mass loss or gain after testing is shown in Table 4.3. Micrographs
for the corresponding counter-face stainless steel balls are shown in Figure 4.25. All the
coupons experienced a decrease in mass after wear testing, indicating wear of the coating.
The 9µm-20wt%-25h sample displayed the highest coupon mass loss and counter-face
wear (Fig. 4.25a). Generally, the composite samples containing 10 wt% filler showed the
lowest wear for composite coatings, except for the MF-MLG-2g-1wt% sample which had
the second highest mass loss. Scratch marks along the sliding direction are observed on all
the worn surfaces of counter-face samples (Figure 4.25). Dark patches of wear debris are
also shown adhered to the counter-face surface, as shown in Figure 4.25c. Wear debris
adhered to the counter-face may balance out the mass loss, or even result in the counterface balls displaying a mass gain after testing.
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Table 4.3 The mass loss or gain of both the composite-coated samples and the stainless steel
counter-face ball.

Sample Name

Mass Loss/ Gain (g)
Coupon
Ball

60nm-20wt%-25h
9µm-20wt%-25h
44µm-20wt%-25h
9µm-10wt%-25h
M9µm-10wt%-25h
MF-MLG-2g-10wt%

-0.0102
-0.0145
-0.0100
-0.0099
-0.0100
-0.0117

0.0000
-0.0003
-0.0004
0.0003
0.0004
0.0000

Figure 4.25 Micrographs of the stainless steel counter-face balls after wear testing: (a) 9µm20wt%-25h, (b) 9µm-10wt%-25h, (c) M9µm-10wt%-25h, (d) 44µm-20wt%-25h, (e) 60nm20wt%-25h, (f) MF-MLG-2g-10wt%. The red arrow indicates the sliding direction.

Following pin-on-disk testing, the wear tracks were analyzed using a laser/optical
microscope to extract the wear track profiles, as described in section 3.4.4.1. The calculated
wear area, wear volume, and wear rates for all the worn samples are shown in Table 4.4.
The volumetric wear rate with respect to sliding distance is further illustrated in Figure
4.26. The composite samples containing 10 wt% filler showed consistently lower wear
rates than the samples with 20 wt% filler. The 9µm-10wt%-25h sample displayed the
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lowest wear rate, followed by the M9µm-10wt%-25h sample, and then MF-MLG2g10wt%. The wear rate for the 20 wt% composite samples directly correlated to the coupon
mass loss; the 9µm-20wt%-25h sample has the highest wear rate, followed by the 60nm20wt%-25h, and then the 44µm-20wt%-25h sample. The three-dimensional optical/laser
micrographs of all the worn samples are shown in Figure 4.27. Very severe abrasive wear
is observed on the 20 wt% samples (Figs. 4.27 a, d, e), as indicated by the large height
difference between the coating surface and the wear track.
Table 4.4 The average wear area, wear volume, and corresponding wear rate (in terms of volume
removed over sliding distance) for various composite-coated samples after pin-on-disk wear
testing.
Wear Rate
(mm3/m)

Wear Area
(µm2 )

Wear Volume
(mm3 )

60nm-20wt%-25h

425915.21

10.84

3.76 × 10-3

9µm-20wt%-25h

649821.23

16.54

5.74 × 10-3

44µm-20wt%-25h

347368.82

8.84

3.07 × 10-3

9µm-10wt%-25h

139977.77

3.56

1.24 × 10-3

M9µm-10wt%-25h

169461.10

4.31

1.50 × 10-3

MF-MFG-10wt%-25h

213512.33

5.43

1.89 × 10-3

Sample
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Figure 4.26 The average volumetric wear rate (in terms of volume removed over sliding
distance) for various composite-coated samples after pin-on-disk wear testing.

Figure 4.27 Three-dimensional optical/laser profiles of the wear tracks on the composite-coated
samples: (a) 9µm-20wt%-25h, (b) 9µm-10wt%-25h , (c) M9µm-10wt%-25h, (d) 44µm-20wt%25h, (e) 60nm-20wt%-25h, (f) MF-MLG-2g-10wt%.
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4.4.2 Microscopy Analysis of Worn surfaces
Back-scattered electron (BSE) images of the wear tracks of various samples are
shown in Figure 4.28. Coating delamination can be identified in BSE images, typically
illustrated as lighter patches within the coating (indicating a different material, i.e.,
stainless steel substrate). Coating delamination is further examined via EDS for each
sample. It is observed that the samples containing 20 wt% filler (both graphite and
graphene) are significantly more worn compared to the 10 wt% samples, as exemplified by
large patches of lighter areas at the centre of the wear track for both the 60nm-20wt%-25h
and 9µm-20wt%-25h samples. The wear track in the 20 wt%-filler coatings is readily
distinguished as the rough surface finish appears significantly smoother on the worn areas.
Conversely, the wear track in the 10 wt%-filler samples is more difficult to distinguish as
the coating surface finish is relatively smooth, and no major material pile-ups or coating
deformation occurs at the edge of the track.

90

Figure 4.28 Backscattered electron (BSE) images of wear tracks on the surfaces of composite
coatings after 8 hours of testing: (a) 60nm-20wt%-25h, (b) 9µm-20wt%-25h, (c) 44µm-20wt%25h, (d) 9µm-10wt%-25h, (e) M9µm-10wt%-25h, and (f) MF-MLG-2g-10wt%.

SEM images of the wear track on the 60nm-20wt%-25h coated sample are shown
in Figure 4.29. The secondary electron (SE) image reveals significant smoothing of the
coating at the wear track edges, and rougher patches near the center of the wear track, as
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characterized by severe wear and coating failure in the form of cracking (Figs. 4.29 a, c).
BSE images at the severely worn areas display 3 different material phases (Fig 4.29b), and
EDS analysis was performed to determine their compositions. The light gray/ white patches
(EDS Spot 1) contain iron, chromium, silicon, aluminum, and nickel elements present in
the substrate material), and traces of fluorine, sulfur, carbon, and oxygen (elementspresent
in the PFA primer layer). The medium gray (EDS Spot 2) patches contain a mixture of
elements from the substrate material (iron, chromium), and traces of the primer layer
(fluorine, sulfur, carbon, and oxygen). Lastly, the dark gray patches (EDS Spot 3) are
composed of PFA top layer (fluorine, carbon, and oxygen), and traces of iron (substrate
material).
Figure 4.30 shows SEM images of the wear track on the 9µm-20wt%-25h sample.
The SE image displays smoothing of the coating at the outer edges of the wear track, severe
abrasive wear at the center of the wear track, and coating failure through tearing and
fibrillation of the polymer (Figs. 4.30 a, c). Three different material phases were observed
in the BSE image at the center of the wear track (Fig. 4.30b). The light gray, medium gray,
and dark gray phases displayed similar compositions to the phases observed in the 60nm20wt%-25h sample. The light gray patches (EDS Spot 2) contain elements from the
substrate (iron, chromium, silicon, aluminum, nickel), and traces of the PFA primer layer
(fluorine, sulfur, carbon, and oxygen). The medium gray patches (EDS Spot 1) contain a
mixture of substrate material (iron), and the PFA top layer (fluorine, carbon, and oxygen).
Conversely, the dark gray phase (EDS Spot 3) is composed of the PFA primer layer
(fluorine, sulfur, carbon, and oxygen), and traces of the substrate material (iron).
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SEM images of the wear track on the 44µm-20wt%-25h coating are shown in
Figure 4.31. The SE image displays smoothing of the coating on the worn surfaces, and
small cracks within the coating near the center of the wear track (Figs. 4.31 a, c). Two
phases are observed in the BSE images of the coating, as further examined through EDS
(Fig. 4.31b). The light gray fragments (EDS Spot 1) contain elements from the substrate
material (iron, chromium, aluminum), and traces of the PFA primer layer (fluorine, carbon,
oxygen, and sulfur). The dark gray area (EDS Spot 2) is the PFA primer layer (fluorine,
sulfur, carbon, and oxygen).

Figure 4.29 SEM images of the wear track on the 60nm-20wt%-25h coated sample: (a) SE image
of the wear track, (b) a higher magnification BSE image of the area ‘M1’ outlined in (a), with
EDS spectra taken at the 3 locations indicated (EDS Spot 1: Fe, Cr, Si, Al, Ni, F, S, C, O; EDS
Spot 2: Fe, Cr, F, S, C, O; EDS Spot 3: F, C, O, Fe), (c) a higher magnification BSE image of the
area ‘M2’ outlined in (a), showing coating failure in the form of cracking and tearing.
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Figure 4.30 SEM images of the wear track on the 9µm-20wt%-25h coated sample, (a) SE image
of the wear track, (b) a higher magnification BSE image of the area outlined in (a), with EDS
spectra taken at the 3 locations indicated (EDS Spot 1: Fe, F, C, O; EDS Spot 2: Fe, Cr, Si, Al,
Ni,, F, S, C, O; EDS Spot 3: F, S, C, O, Fe), (c) an even higher magnification BSE image of the
area outlined in (a), showing coating failure in the form of tearing.
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Figure 4.31 SEM images of the wear track on the 44µm-20wt%-25h coated sample: (a) SE image
of the wear track, (b) a higher magnification BSE image of the area ‘M1’ outlined in (a), with
EDS spectra taken at the 2 locations indicated (EDS Spot 1: Fe, Cr, Al, F, C, O, S; EDS Spot 2:
F, S, C, O), (c) a higher magnification SE image of the area ‘M2’ outlined in (a), showing coating
failure in the form of minor cracking.

SEM images for the composite coatings containing 10-wt% 9-µm graphite filler are
shown in Figure 4.32. The 10-wt% composites have significantly thinner wear tracks and
are characterized by less abrasive wear as compared to the 20-wt% filler composite
coatings. Figure 4.32a displays the SE image of the wear track on the 9µm-10wt%-25h
coating. A higher magnification BSE image reveals coating failure through tearing and
polymer fibrillation (Fig. 4.32b). The EDS spectra of the light gray specks (EDS Spot 2) is
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composed of both the substrate (iron, chromium, aluminum, nickel), and PFA primer
(fluorine, sulfur, carbon, and oxygen) (Fig. 4.32b). Figure 4.32c displays the SE image of
the wear track on the M9µm-10wt%-25h coating. Less abrasive wear was observed on the
diluted 9-µm composite coating; a high magnification BSE image at the center of the wear
track reveals only minor tearing and cracking (Fig. 4.32d).

Figure 4.32 SEM images of the composite-coating containing 10 wt% 9 µm graphite filler: (a)
SE image of the wear track on the 9µm-10wt%-25h coating,(b) a higher magnification BSE
image of the area ‘M1’ outlined in (a), displaying coating failure in the form of tearing, (c) SE
image of the wear track on the M9µm-10wt%-25h coating, and (d) a higher magnification BSE
image of the area ‘M2’ outlined in (c), displaying coating failure in the form of minor tearing and
cracking.
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Figure 4.33a shows the SE image of the wear track on the MF-MLG-2g-10wt%
coating. The outside edges of wear track appear smooth, followed by an inner edge
characterized by several large cracks within the coating, as shown in higher magnification
in Figure 4.33b. In contrast, a high magnification BSE image reveals that the center of the
wear track is very smooth with fine cracks and light grays specks (Fig. 4.33c). EDS
spectrum indicates that the light gray specs (EDS Spot 2) are composed of the substrate
elements (iron, chromium, aluminum, nickel), and traces of the primer layer (fluorine,
sulfur, carbon, and oxygen).

Figure 4.33 SEM images of the wear track on the MF-MLG-2g-10wt% composite coatings: (a)
SE image of the wear track, (b) a higher magnification SE image of the area ‘M1’ outlined in (a),
displaying large cracks within the coating, (c) a higher magnification BSE image of the area ‘M2’
outlined in (a), displaying fine cracks within the coating.
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4.5 Raman Spectroscopy Results
Raman spectroscopy was performed on the graphite/graphene particles in the ball
milled composite samples according to section 3.4.5. The estimated number of graphene
layers (NG), and defect intensity ratios (ID/IG) were calculated from the Raman spectra. The
main graphite peaks (D peak at ~1350 cm-1, G peak at ~1580 cm-1, and 2D peak at ~2700
cm-1 [10]) for the milled graphite particles are shown in Figure 4.34 and 4.36. All samples
also exhibit a Rayleigh peak at the beginning of the Raman spectra however, this peak is
not one of peaks used to characterize graphite and is not further analyzed.
The Raman spectra for the graphite/graphene particles in the composite samples
with 20 wt% filler that underwent balling for various lengths of time (0 – 30 hours) are
shown in Figure 4.34. The corresponding (estimated) number of graphene layers (NG) and
ID/IG ratios are summarized in Figure 4.35. The Raman spectra for the 60 nm MLG (Fig.
4.34a) shows no distinctive change in any of the peaks with the increase of milling time.
The Raman spectra for the 9 µm graphite (Fig. 4.34b) shows no major changes in the 2D
band with respect to the milling time. However, a distinctive increase in the D-band
intensity is observed for milling times greater than 5 hours. This is also reflected in the
ID/IG ratios (Fig. 4.35b), as the defect intensity ratio significantly increases after 5 hours of
ball milling. The Raman spectra for the 44-µm sample also displays no visible changes in
the 2D band, but a minor increase in the D-band intensity after ball milling, supported by
the corresponding defect intensity ratios (Fig. 4.35b).
The Raman spectra for the three different filler materials after ball milling for 25
hours are compared in Figure 4.34d. Single layer graphene has a distinctive 2D band that
has a larger intensity than the G band. The 2D band for the milled samples displayed a
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much lower intensity than the G band, indicating that the ball milling process did not
produce single layer graphene. The number of graphene layers was estimated (Fig. 4.35a),
and all samples displayed very similar values. The 9-µm graphite had the lowest estimated
number of graphene layers, followed by the 44-µm graphite, and then the 60-nm MLG.
The D-band for the milled samples slightly increased as the initial particle size increased.
However, no distinct trend is observed when comparing the defect intensity ratios (ID/IG)
of the three different filler types.

Figure 4.34 The Raman Spectra of graphene/graphite in composite samples containing 20 wt%
filler ball milled for 0-30 hours. The graphs display the effect of ball milling time on the graphene
particles: (a) 60 nm MLG, (b) 9 µm graphite, and (c) 44 µm graphite, (d) comparison of all three
filler materials after 25 hours of ball milling.
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Figure 4.35 Raman spectra analysis for the PFA composite samples with increasing ball milling
times showing: (a) the number of graphene layers (NG), and (b) the ID/IG ratio.

The Raman spectra of the graphite/graphene particles within the PFA composites
with various filler weight fractions are shown in Figure 4.36. None of the filler materials
shows a correlation between the D band intensity, or the ID/IG ratio, and filler weight
fraction (wt%). Furthermore, none of the filler materials shows a correlation between the
2D-band shape/intensity, or the estimated number of graphene layers (NG), and the filler
weight fraction (wt%). The estimated number of graphene layers (Fig. 4.37a) for the 10-20
wt% composite samples ball milled for 25 hours is the lowest for the 9 µm graphite,
followed by the 44 µm graphite, and then the 60 nm MLG. However, the number of
graphene layers is an estimation and has a reported accuracy of ±1.5 graphene layers [131],
thus all samples are considered to be very similar in thickness.
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Figure 4.36: The Raman Spectra of graphene/graphite in composite samples ball milled for 25
hours. The graphs display the effect of filler weight fraction (10, 15, and 20 wt% filler) on the
graphene particles: (a) 60 nm MLG, (b) 9 µm graphite, and (c) 44 µm graphite.

Figure 4.37 Raman spectra analysis for the PFA composite samples with increasing filler weight
fractions showing: (a) the number of graphene layers (NG), and (b) the ID/IG ratio.
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5. CHAPTER 5: DISCUSSION
The following sections discuss the experimental results presented in Chapter 4 and their
significance in relation to the overall objectives of the study. The discussion is divided into
three sections. The first section discusses the composite phase distribution, surface
topography, and the corresponding Raman spectra. The second section explains the thermal
property results, focusing on the impact of the processing methods on the resulted thermal
conductivity of the composites. The third section discusses the wear results, including the
wear rate and coefficient of friction, the effects of the different filler materials, filler weight
percentage, and processing methods on the overall tribological behaviour of the composite.
5.1 Composite Morphology
5.1.1 Effect of Ball Milling on Filler Particle Alignment and Distribution
Micrographs of the compression-molded PFA composites shown in Figure 4.1 –
4.4 display distinct changes in the sample microstructure before and after ball milling. Ball
milled samples exhibit improved filler particle distribution, and visible alignment of
graphite and MLG filler particles in the lateral direction. Particle alignment occurs
perpendicular to the pressing direction, as shown in Figure 5.1. Related research on
preparing graphene polymer composites in situ via ball milling do not show alignment of
MLG filler particles [10], [84], [96], [97]. However, in papers studying graphite-polymer
composites, it was reported that graphite flakes have a tendency to orient perpendicular to
the pressing direction in compression-molded samples [133]–[135]. Furthermore, other
researchers have observed self-alignment of graphene in polymer composites when
incorporating graphene-oxide and reduced-graphene-oxide particles with large surface area
and strong interfacial interaction with the matrix polymer [136], [137].
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Research has shown that incorporating graphite filler particles via ball milling
improves the compatibility at the graphite-polymer interface [10], [84], [96], [97].
Observation of the ball-milled composite powder mixtures through SEM (Fig 4.11- 4.12)
reveals that the graphite particles are well combined with the PFA particles such that the
graphite and PFA particles are essentially indistinguishable. EDS mapping (Fig. 4.13)
further indicates a strong interfacial interaction between the graphite and PFA particles as
the large clusters of carbon (graphite particles) contain traces of fluorine (from PFA), and
consistent particle morphology is maintained amongst both the graphite and PFA particles.
Thus, the particle alignment may be attributed to the compression molding process (in
compression-molded samples), large flake-like graphite particle morphology, and the
compatibility of the graphene-polymer interface.

Figure 5.1 The laser/optical micrograph of the PFA- 60nm MLG sample, with arrows
indicating the pressing direction in compression-molding.

Similar to previous studies [10], [96], the SEM results support the observation that
the ball-milled graphite particles are lightly coated with the polymer, thus preventing re-
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agglomeration of graphite particles during curing. This is evident in the microscopy of both
the compression-molded (Fig. 4.11-4.12) and electrostatically coated samples (Fig. 4.74.9), as the graphite particles are evenly distributed with no major observable agglomerates.
However, minor particle stacking between some of the filler particles is observed in the
60nm-20wt%-25h and 9µm-20wt%-25h samples, likely due to the excellent particle
distribution and small particle size. Micrographs of the undiluted samples containing 10
wt% 9 µm graphite (9µm-10wt%-25h) display visibly better graphite dispersion as
compared to the diluted sample (M9µm-10wt%-25h). Gaps of plain PFA surrounded by a
loose network of graphite particles are observed in micrographs of the sample diluted with
unprocessed PFA (M9µm-10wt%-25h). Therefore, incorporating PFA during ball milling
results in excellent filler particle dispersion as compared to traditional filler incorporation
methods, such as blending composite powders in a tumbler mixer.
5.1.2 Effect of Compression Molding Versus Electrostatic Coating on Microscopy
It has been shown that the area percent of filler, quantitatively analyzed using the
ImageJ software, was significantly higher in the compression-molded samples than in the
electrostatically sprayed coupons with the same filler weight percentages. This effect was
also observed in graphene-polymer composites in a previous study conducted by this
research group [8]. The compression has a more significant impact on PFA than on the
filler particles as polymers are significantly softer and more deformable than the
graphite/MLG filler materials. As PFA is compressed, its area percent decreases;
subsequently, the area percent of the graphite/MLG filler increases as it is not easily
compressed during molding. During electrostatic spraying, the PFA particles are not
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compressed so they take up a larger area percent; therefore, the apparent area percent of
graphite/MLG filler is decreased compared to in the compression-molded samples.
Compression molding contributes to the alignment of the graphite filler particles
in graphite-polymer composites [133]–[135]. Consequently, filler alignment is visibly
more ordered in the compression-molded samples than in the electrostatically coated
samples. Nonetheless, the electrostatically coated samples still display slight alignment of
filler particles along the lateral direction. The large aspect ratio of the graphite particles
and their strong interfacial interaction with the PFA matrix aid the filler alignment [136],
[137]. Moreover, the electrostatic spray coating process favours the lateral alignment of
graphite filler particles. Electrostatic spraying imposes a negative charge on the blended
powder mixture, which is subsequently attracted to the grounded substrate. Graphite
particles have a high aspect ratio, thus the face with the larger surface area has a greater
electrostatic charge and assists in the alignment of the graphite particles when attracted to
the ground substrate. As a result, the particles are normally aligned with the longitudinal
direction parallel to the substrate surface since the surface area is larger along the long axis.
5.1.3 Effect of MF-MLG Particles on Composite Microstructure
Micrographs of the compression-molded disks and electrostatically sprayed
coupons containing the MF-MLG particles are shown in Figure 4.5 and Figure 4.9,
respectively. Although the MF-MLG particles were responsive to an external magnetic
field, as shown in Figure 3.2, the micrographs of the cured samples show no signs of filler
particle alignment. The MF-MLG particles formed large agglomerates within the cured
PFA matrix, similar to the SEM images of the uncured MF-MLG particles (Fig. 4.14).
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Despite the MF-MLG particles not resulting in filler alignment within the cured
composite samples, the technique is still promising for future work as the particles respond
to an external magnetic field. Success in magnetically aligned graphene particles has been
demonstrated using liquid based resin polymers [13], [95], [111], whereas in this work
powdered PFA was used as the matrix. A few factors may have affected the alignment of
the MF-MLG particles in the desired direction: (a) the PFA powder may have restricted
the movement of the MF-MLG particles and prevented alignment, and (b) the aligned
particles may have shifted as the polymer melted, as the permanent magnet was not graded
for high temperature use and was removed before heating and curing.
Suggested future work includes: (i) investigate the use of paint slurry based PFA
coatings as the matrix, which may facilitate the alignment of the particles as illustrated in
the literature with liquid mediums; (ii) use electromagnets instead of permanent magnets
to apply the magnetic field, which may be applied even at the melting temperature of the
PFA; (iii) control the field strength of the magnets during the coating process so that the
particles can be aligned as they are sprayed onto the substrate. Furthermore, the Curie
temperature of the magnetic nanoparticles is well above the processing temperature used
during curing so the particles will maintain their magnetic properties [138], [139].
5.1.4 Effect of Filler Particles on Surface Topography
The surface roughness of the electrostatically coated samples is influenced by both
the filler particle size and weight fraction, as shown in Table 4.2 and Figure 4.15. The
surface roughness is higher in samples with smaller initial graphite flake size and higher
filler weight content. Bao et al. reported a “cross-linking density reduction effect” in
graphene polymer composites. It was observed that when the graphene filler content is too
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high, there is insufficient polymer to surround the graphene within the composite matrix
[103]. The PFA matrix studied in the present research is a thermoplastic polymer, however,
the same effect is observed. Increasing the filler weight fraction directly reduces the “crosslinking density”. Similarly, decreases in the filler particle size also reduce the “crosslinking density” as more particles are required to achieve the same filler weight fraction.
The coating surface roughness increases when the cross-linking density is reduced since
the filler particles are not adequately adhered within the PFA matrix.
Earlier studies conducted by this research group reported rough surfaces when the
graphite content reached 30 wt% and higher [3], whereas the present work displays rough
surfaces when the filler content is above 10 wt%. The effect of cross-linking density is
exaggerated in polymer composites containing graphene, MLG, and graphite flakes due to
the high surface area of the filler particles. This effect is further magnified in ball-milled
samples as ball milling prevents the agglomeration of graphite flakes, while graphite
agglomerates act as larger graphite particles within the composite. Furthermore, based on
the filler area percent results (Fig. 4.10), the graphite flakes decrease in particle size after
ball milling.
The composite coating containing the 10 wt% undiluted 9 µm graphite (9µm10wt%-25h) displays a smoother surface finish than the diluted sample with the same
amount of filler (M9µm-10wt%-25h). The increase in surface roughness in the diluted
sample may be due to poorer dispersion of the graphite particles within the PFA matrix, as
shown in the composite micrographs (Fig. 4.4 and Fig. 4.8).
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Surface roughness influences the heat exchanger performance as rough surfaces are
more prone to fouling [140], and are more difficult to clean during maintenance. Thus,
rough surfaces are not suitable for heat exchanger applications. As previously studied [49],
the surface finish may be improved by altering the composition of the composite for the
top layer of the coating.
5.1.5 Effect of Ball Milling on Raman Spectra
Raman spectroscopy was performed on the ball-milled samples to evaluate the
resulted thickness and defect intensity of the MLG and graphite filler particles after ball
milling. As observed in Figure 4.34, the 2D band of all samples displays a much lower
intensity than the G band, indicating that the ball milling process did not produce
monolayer graphene. The number of graphene layers was estimated according to the
method presented by Paton et al. [131], and all samples displayed very similar values (~20
± 1.5 graphene layers).
Related literature [10], [84], [96], [97] has reported the achievement of monolayer
and few layer (≥10 layers) graphene using an in-situ ball milling process to prepare
graphene polymer composites. However, this was not achieved in the present work.
Previous work using liquid resin based polymers reported that the polymer matrix protected
the graphite filler particles during milling, and the mitigated milling induced defects [10],
[84], [96]. The PFA matrix used in the present research is a thermoplastic polymer, and
does not dissolve in the milling solution (acetone). Based on the Raman spectra and SEM
micrographs of the milled graphite particles, it is postulated that the PFA matrix protected
the graphite particles during milling and prevented exfoliation of graphite into monolayer
graphene. Thus, the use of thermoplastic polymers may limit the ability of the ball milling
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process to simultaneously exfoliate graphite particles to produce graphene while mixing
the graphite particles throughout the polymer matrix.
Slight increases in the D band were observed in the Raman spectra of the ballmilled samples with increasing milling time. The defect intensity ratio (ID/IG) may be used
to compare the quality of different graphene samples; a higher defect intensity ratio
indicates that the sample contains more defects [10], [131], [132]. All samples experienced
an increase in the defect intensity ratio after ball milling. However, the ID/IG ratio did not
consistently increase with increasing milling time. The 9-µm graphite sample was ball
milled from 0 to 30 hours with 5 hour increments, and a consistent increase in the ID/IG
ratio was observed from 0 to 10 hours, followed by relatively consistent ID/IG ratios with
further increases in milling time. Thus, it is believed that after an initial “breaking in”
period the PFA matrix protected the graphite particles and no further defects were
introduced.
Guo and Chen [10] observed an increase in the defect intensity ratio of graphenepolymer composites when the graphene filler content was increased, as there was less
polymer matrix to protect the graphene particles. This effect was not observed in the
present research, as the graphite samples did not show any clear trends between the filler
weight fraction and the ID/IG ratio.
5.2 Thermal Properties
The incorporation of filler particles increased the thermal conductivity of the
composite as compared to pure PFA, as shown in Figures 4.16 – 4.21. Consistent with
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previous research, higher weight fractions of thermally conductive filler particles result in
further increases in the composites thermal performance [3], [8].
Studies conducted by Guo and Chen [10] displayed increases in the composites’
thermal conductivity by preparing graphite polymer composites via ball milling.
Conversely, the present research displayed a decrease in the composite’s thermal
conductivity after ball milling, consistent among all the graphite filler materials studied.
Micrographs of the composite samples produced via ball milling displayed a distinctive
alignment of the graphite filler particles along the lateral direction. Graphite-based filler
materials display superior thermal properties along their in-plane direction; thus, composite
materials with aligned graphite filler particles experience increased thermal properties
along the in-plane direction [12], [13], [95], [133], [134]. Furthermore, Yan et al. reported
that the thermal conductivity of composites in the out-of-plane direction decreases as
compared to composites with

randomly oriented filler particles [95]. The thermal

conductivity of the composites in the present research was measured in the out-of-plane
direction; therefore lower thermal conductivity values were displayed. The slight increase
in the defect intensity ratio after ball milling also increases phonon scattering, which may
contribute to the lower thermal conductivity.
The microstructure of the composite sample containing 9-µm graphite diluted with
unprocessed PFA (Fig. 4.4) influenced the resulted thermal properties. The micrograph of
the composite containing 9-µm graphite (9µm-10wt%-25h) displayed significantly better
filler particle dispersion than the sample diluted with unprocessed PFA (M9µm-10wt%25h). The slight networking of filler particles in the diluted sampled resulted in higher
thermal conductivity values than the undiluted sample. This may be due to the formation
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of an interconnected network of filler particles, and the decreased orientation of the filler
particles within the matrix.
The initial size of the graphite particles also influenced the composites’ thermal
performance; smaller filler particles resulted in higher thermal conductivities, as shown in
Figure 4.17. The influence of particle size on thermal conductivity was observed before
and after ball milling. However, ball milling significantly reduced the impact of filler
particle size. The large graphite flakes (9 µm, and 44 µm graphite) were exfoliated during
ball milling and the resulted flakes were all similar in size. This is supported by the filler
area percent data, and the Raman spectra analysis of the milled graphite particles.
Kim et al. [86] reported that larger MLG particles (greater thickness and lateral
dimensions) result in higher thermal conductivity values in polymer composites due to
lower interface densities and phonon scattering. Conversely, the present work agrees with
studies conducted by Deng et al. [135], which stated that smaller filler particles result in
higher thermal conductivities. This phenomenon is attributed to the available surface area;
to achieve the same weight percentage of filler, more small particles are required compared
to large particles. Therefore, the combined surface area of the smaller graphite particles is
higher, increasing the probability of an interconnected thermal network among graphite
particles [135].
The thermal conductivity values of the composites containing the MF-MLG filler
particles exhibit interesting behaviour (Fig. 4.21). From 25 °C to ~120 °C the MF-MLG
composites display lower thermal conductivity values than the randomly oriented
graphene. At ~120°C the thermal conductivity values become the same, which is followed
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by the MF-MLG composites having higher thermal conductivity values with further
increases in temperature. The lower initial thermal performance of the MF-MLG
composites may be attributed to the poor filler particle dispersion and the lack of filler
particle alignment, as observed through microscopy. It is important to note that the thermal
performance of the MF-MLG composites is also influenced by the magnetic nanoparticles
(maghemite and magnetite). The thermal conductivity of graphite decreases at an
increasing rate as temperatures increase from 25 °C to 250 °C [141]. Conversely, the
thermal conductivity of magnetite (a main component in the magnetic nanoparticles)
decreases at a decreasing rate as temperatures increase from 25 °C to 250 °C [142].
Therefore, the magnetic nanoparticles help stabilize the thermal conductivity as the
temperature increases, resulting in the breakeven point between the composite containing
the randomly oriented graphene and the MF-MLG.
As described in section 5.1.2, different factors influence filler alignment in the
compression-molded samples and electrostatically spayed coupons. These differences may
result in slight variations of the thermal performance of the composite. Due to instrumental
restrictions, the compression-molded samples are used to analyze the thermal conductivity
of the composite. This procedure is consistent with previously conducted research [3], [7],
[8], and related literature [39], [73], [97], [143], [144], to characterize the bulk thermal
properties of the composite. Future work may aim to identify procedures capable of
measuring the thermal conductivity of the coated samples rather than the compression
molded disks. Alternatively, the use of paint slurry PFA rather than PFA powder may be
investigated to create molded samples without compression. The powdered samples
require compression molding to remove air bubbles during curing.
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5.3 Wear Behaviour of Composite Coatings
Graphite is known for its natural lubricating properties and is often used as internal
lubricant in composite materials [145], [146]. Its influence on the COF of the polymer
composite coatings has been shown in Figures 4.22-4.23. The graphite filler content,
particle size, and dispersion all influence the tribological properties of the composite. The
COF decreases when the graphite filler content increases, as observed when the filler
content was increased from 10 wt% to 20 wt% in the 9-µm graphite composite coatings.
Furthermore, the COF was lower in the undiluted sample (9µm-20wt%-25h) compared to
the sample diluted with unprocessed PFA (M9µm-20wt%-25h), due to the better filler
particle dispersion and lower surface roughness of the undiluted sample. Therefore,
increases in graphite content and filler distribution result in lower COF values.
The impact of particle size on the COF performance of the 20 wt% samples does
not follow a clear trend; the 44-µm graphite filled sample has the lowest COF, followed by
the 60-nm sample, and then the 9-µm sample. However, it is important to note that the ball
milling process exfoliated the graphite particles such that the final graphite particle size is
smaller than the initial particle size, as shown through microscopy and Raman analysis.
The samples all displayed excellent COF performance for all filler weight fractions and
particle sizes; with lower COF values than those from previous research under similar
testing conditions. For example, the MF-MLG-2g-10wt% coating displayed the highest
COF (µ=0.1293), which is still lower compared to graphite-polymer coatings (µ=0.133)
[3] and graphene-polymer coatings (µ=0.1658) [8] prepared via traditional processing
methods (filler incorporation by blending in a tumbler mixer). The polymer composite with
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20 wt% 44 µm graphite filler exhibited the lowest steady state COF, which is roughly 30%
lower than the traditional graphite-polymer coatings under the same test conditions [3].
Large fluctuations observed in the COF values for the 20 wt% composites are due
to the high surface roughness of the coating, which was also observed in a previous study
with graphene-polymer coatings [8]. The extreme fluctuation displayed through sudden
rises and drops in the COF values in the MF-MLG-2g-10wt% composite coating is due to
the magnetic nanoparticles (magnetite and maghemite) attached to the MLG within the
composite. Chen et al. analyzed the tribological performance of magnetite and maghemite
(magnetitic nanoparticles) films and reported poor wear resistance and high coefficient of
friction values [147]. Therefore, rises in the COF occur as large agglomerates of MF-MLG
particles are worn within the coating, followed by drops in the COF when the MF-MLG
agglomerates are removed through abrasive wear.
Despite the lower COF values, the 20 wt% samples still resulted in higher
volumetric wear rates and mass losses. When analyzing the 20 wt% and 10 wt% samples
separately, samples with higher COF values display higher volumetric wear rates. The
minor particle stacking observed through microscopy in both the 60nm-20wt%-25h and
9µm-20wt%-25h samples may have reduced the wear resistance of the coatings. Literature
has shown that particle agglomeration generates stress fields within the matrix [148],
resulting in failure initiation sites during wear [149], [150]. The filler particle agglomerates
within the 9-µm graphite and 60-nm MLG composite coatings were more susceptible to
flaking and particle pull-out during wear, reducing their wear resistance. This effect may
have been more prominent in the samples containing the 9-µm graphite particles compared
to the 60-nm MLG filler particles due to their larger particle size. It is interesting to note
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that the MF-MLG-2g-10wt% sample displayed the third lowest wear rate but the second
highest mass loss. This is due to the random dispersion of the large MF-MLG agglomerates
within the coating. The removal of MF-MLG agglomerates during wear results in mass
losses. However, their removal may be undetected in wear area calculations depending on
where the micrographs are taken on the wear track. Therefore, the volumetric wear rate of
the MF-MLG composites is likely higher than the estimated value.
The higher wear rates observed in the 20 wt% samples as compared to the 10 wt%
samples are directly related to decreases in the cross-linking density [103]. The “crosslinking density reduction” effect results in decreases in mechanical properties when the
graphene content is too high in graphene-polymer composites [96], [103]. Studies
conducted by Zhang et al. displayed a similar decrease in the wear resistance of graphene
polymer-composites when filler content was increased above 10 wt% [73]. At high
graphene filler contents less polymer is available to surround and adhere the graphene filler
particles within the matrix, making them susceptible to flaking off as debris during wear
[73], [148]. Removal of material from the coating results in grooves and micro-crack
formation on the coating surface, known as abrasive wear [146]. Abrasive wear leads to
adhesive wear as the wear debris adheres to the counter-face surface and forms a transfer
layer [73], [146], [148]. Material transfer is shown in laser/optical micrographs of the
counter-face balls in Figure 4.25 and confirmed through EDS analysis.
The wear and failure mechanisms of the polymer composite coatings are observed
through SEM, as shown in Figures 4.28 – 4.33. Corresponding to the higher volumetric
wear rates and mass losses, significantly more abrasive wear is observed through SEM
images of the 20 wt% coatings as compared to the 10 wt% coatings. The wear tracks on
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the 20 wt% samples are readily distinguished from the unworn coating as the edges are
smooth and visibly worn to the shape of the counter-face ball, with small grooves along
the sliding direction. The wear tracks on the 10 wt% samples are much more subtle,
showing slight smoothing of the polymer at the track edges with fine grooves along the
sliding direction. The severity of abrasive wear for all samples progresses towards the
centre of the wear track, with the onset of failure characterized by tearing and cracking
within the coating. Similar failure mechanisms were observed in previous studies on
graphite-polymer coatings [7], [8], [127]. Coating delamination and substrate exposure is
further investigated through EDS.
Delamination and coating removal in polymer-composite coatings are typically
observed as lighter areas within BSE images of the worn sample [7], [127]. Large patches
of lighter areas are observed at the centre of the wear track on both the 60nm-20wt%-25h
and 9µm-20wt%-25h coatings; high magnification BSE images at the centre of the wear
track reveal 3 distinct material phases. EDS analysis confirms that all phases contain
varying amounts of the substrate material and PFA. The lightest colour phase contains very
low traces of PFA and high traces of the substrate material, whereas the darkest phase
contains very low traces of the substrate material and high traces of PFA. As discussed
above, these phases are known as a transfer film, and are formed when wear debris adheres
to the coating and counter-face surfaces [73], [146], [148]. The transfer films help reduce
the COF and abrasive wear, thus preventing the extremely large spikes in COF that
typically occur after coating removal. Small specs of lighter material are observed on the
10 wt% and 20 wt% samples; EDS confirmed that all worn areas contain traces of PFA,
thus complete coating removal did not occur in any of the coatings.
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6. CHAPTER 6: CONCLUSIONS
This chapter summarizes the significant conclusions and future recommendation
regarding the impact of the two different processing techniques, ball milling and magnetic
functionalization, on the performance of the resulted graphite/graphene-polymer
composite coatings.
6.1 Conclusions
•

Microstructural analysis indicated that the ball milling process improves graphite
filler particle dispersion and aligns graphite particles along the lateral direction.
Alignment of filler particles is attributed to the large flake-like morphology of
graphite particles, compatibility at the graphite-polymer interface, and is further
enhanced through the compression molding and electrostatic spray coating
processes. A strong interfacial interaction between the graphite and PFA particles
was observed, thus preventing particle agglomeration during curing and
contributing to excellent filler particle dispersion in the ball-milled composites.

•

Raman analysis of the balled-milled graphite particles determined that monolayer
graphene was not produced, as exhibited by the low intensity of the 2D band
relative to the G band in the Raman Spectra. It is suggested that after an initial
“breaking-in” period, the graphite particles are surrounded by a protective layer of
PFA, which prevents further exfoliation of graphite particles through ball milling.
Moreover, all samples experienced an increase in the defect intensity ratio after ball
milling however, after 10 hours of ball milling the defect intensity ratio remained
relatively consistent with no further increases.
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•

Thermal property analysis indicated that higher filler weight fractions and smaller
graphite filler particles lead to higher thermal conductivities in the graphitepolymer composites. Interestingly, all samples displayed a significant decrease in
thermal conductivity after ball milling. The lower thermal performance in the ball
milled composites is due to the lateral alignment of the graphite filler particles.
Graphite exhibits superior thermal properties along their in-plane direction.
However, the thermal properties were measured along the out-of-plane direction,
resulting in lower thermal conductivity values.

•

Surface topography analysis displayed higher surface roughness values for
composites with higher filler weight fractions, and smaller particle sizes. Increases
in the surface roughness are attributed to decreases in the cross-linking density,
such that the graphite particles are not adequately surrounded and adhered within
the PFA matrix. Rough surfaces are prone to fouling and are therefore not desirable
for heat exchangers, thus lower filler weight fractions (10 wt%) or surface
modification would be required.

•

Wear testing showed higher volumetric wear rates and mass losses in the composite
coatings containing higher weight fractions of graphite filler (20 wt% versus 10
wt%). The reduced wear resistance in samples with higher filler content is due to
the lower cross-linking density; the graphite particles are not adequately adhered
within the polymer matrix and are susceptible to flaking off as debris during wear.
Correspondingly, a combination of abrasive and adhesive wear was observed in all
the graphite-polymer coatings. Failure mechanisms of the composite coating
included cracking and tearing, and adhesive wear on both the worn surface and
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wear counter-face. The adhesive wear formed a transfer film on the worn surface
of the 60nm-20wt%-25h and 9µm-20wt%-25h coatings, reducing further abrasive
wear and preventing COF increases on the severely worn surfaces. All samples
displayed excellent steady state COF values, with lower values observed at higher
graphite contents.
•

Microstructural analysis indicated alignment of the MF-MLG particles within the
PFA matrix was not achieved. Furthermore, thermal property analysis of the MFMLG polymer composite displayed thermal conductivities comparable to randomly
oriented graphene composites. The tribological performance of the MF-MLG
composites was slightly lower as compared to the graphite-filled composites due to
the negative impact of the magnetic nanoparticles.

6.2 Recommendations
Future work may focus on identifying different methods and instruments to analyze
the thermal properties of the composite coating, rather than the compression-molded disk
samples. Furthermore, the thermal performance of the ball-milled graphite polymer
composite samples should be studied in both the in-plane and out-of-plane direction to fully
characterize the impact of ball milling on the thermal properties. Studies may also be
conducted to improve the surface roughness of the coating on the ball-milled composite
samples through additional processing such as altering the composition of the top layer.
Although the MF-MLG particles were not aligned within the PFA matrix, the MFMLG particles were magnetically responsive and are thus a promising technique to
facilitate graphene filler alignment in composite materials. Future work may incorporate
the MF-MLG particles in paint slurry based PFA coatings to investigate the effectiveness
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of filler alignment in a liquid medium, rather than within a blended powder mixture.
Additionally, electromagnetic field may be applied at high temperatures to prevent particle
shifting during curing. If alignment is achieved, the corrosion resistance of the MF-MLG
PFA composite should be investigated in a sulfuric acid medium to expand knowledge on
the performance of the new composite in low temperature heat exchanger operating
environments. Lastly, methods may be studied to simplify the procedure to attach the
magnetic nano-particles onto the surface of the graphene particles and prevent potential
agglomeration of graphene and MF-MLG particles during processing.
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